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identified by the recycling- guidelines. A section of an Indiana highway
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HIGHLIGHT SUMMARY
The deplorable conditions that have developed in our highway system is
one of the major problems confronting transportation agencies today. Rapid-
ly escalating maintenance and reconstruction costs, coupled with a nearly
fixed level of highway funding have contributed significantly to this prob-
lem. Asphalt pavement recycling is a viable rehabilitation method that can
be used to help solve this serious problem; for recycling can be an economi-
cal, as well as an energy efficient rehabilitation alternative. The purpose
of this study is to fully investigate asphalt pavement recycling.
Asphalt pavement recycling can be classified into three major areas:
surface recycling; central plant recycling; and in-place recycling. This
study investigates the type of equipment used, the construction methods em-
ployed, as well as the various considerations and Limitations associated
with each recycling method. Previous recycling jobs were analyzed to deter-
mine rates of production, unit costs, unit rates of energy consumption and
specific problems encountered during recycling operations^
A set of guidelines was developed to assist the pavement engineer in
determining if an asphalt pavement is a suitable candidate for recycling.
The recycling guidelines provide a formal method for evaluating the existing
pavement structure, identifying its rehabilitation needs, determining the
probable cause of distress or failure, as well as identifying an appropriate
recycling method. The recycling guidelines also comment on the design of
the recycled mixture and the design of the recycled pavement.
-xn-
A set of construction guidelines was developed to assist the construc-
tion engineer in implementing the recycling method identified by the recy-
cling guidelines. The guidelines provide assistance in formulating and
evaluating a specific recycling system. Project management decisions, recy-
cling process variability and potential problem areas associated with the
proposed recycling system were identified. Guide specifications were syn-
thesized for the major forms of asphalt pavement recycling so that existing
specifications can be modified or supplemented for recycling use.
A section of an Indiana highway was selected to demonstrate the use of
the recycling guidelines. The existing pavement structure was fully charac-
terized and a recycling rehabilitation method, including mix design and




Due to the Length of this report, the report was divided into two
volumes. The basic findings of the research are reported in Volume I, as
noted in the Table of Contents. Volume II contains background information
on recycling gathered during the study plus several appendices. The Table
of Contents for Volume II are shown on the next few pages for the reader's
review.
Any person desiring a copy of Volume II of this study can obtain one by
contacting the Joint Highway Research Project; Civil Engineering Building;
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CHAPTER ONE
INTRODUCTION
1 .1 Problem Statement
The principal obligation of transportation agencies throughout the Un-
ited States is the expansion, maintenance and rehabilitation of highway sys-
tems under their jurisdiction. However, within the past decade the emphasis
has shifted from one of new facility construction to one of maintaining and
upgrading existing highway facilities.
Despite the shift in emphasis, the level of service provided by our
highway has seriously deteriorated. The deplorable conditions that have
developed in our highway system is one of the major problems confronting
transportation agencies today. The rapid escalation of costs associated
with maintaining and rehabilitating our highway system coupled with the near
fixed level of funding available for these maintenance and rehabilitation
operations have significantly contributed to the decline of the overall
highway condition.
If the highway system is to be returned to an acceptable level of ser-
vice, rehabilitation methods must be chosen that are not only economically
desirable, but that prudently utilize energy and natural resources. Furth-
ermore, since the majority of the roads in this country involve the use of
asphalt materials, the rehabilitation method chosen will have to be suitable
for asphaltic materials.
Asphalt pavement recycling is one method that can be used to aid in
solving the problem of maintaining and rehabilitating the highway system, as
- 2 -
weLL as dealing with the highway funding probLem. Recycling is a viable
pavement rehabilitation method that reuses existing materials to upgrade the
pavement structure. As such^ recycling can be an economical, as well as an
energy efficient rehabilitation alternative.
There are many different methods that can be used to recycle asphalt
pavements. The choice of a particular method depends on the pavement's ori-
ginal construction, as well as the type and extent of deficiencies to be
corrected. The purpose of this study is to investigate the type of equip-
ment used, the construction methods employed, as well as the various con-
siderations and limitations associated with each recycling method. A set of
guidelines will be developed that will allow the selection of an appropriate
recycling method for a given pavement need. The guidelines will also pro-
vide assistance in the formulation and implementation of actual field recy-
cling operations.
1.2 Background Information
1.2.1 Asphalt Use Today
A major component in the construction and maintenance of roads,
streets, and highways is asphalt. The first recorded use of asphalt in road
construction in this country L^Z1 was in 1870, when a section of a city
street, fronting City Hall in Newark, New Jersey, was paved with rock as-
phalt imported from the Rhone Valley of France. Prior to this time, the use
of coal tar as an aggregate binder and waterproofing agent was investigated,
but no further practical application of the material was attempted.
In 1876, the United States Congress directed that Pennsylvania Avenue
be reconstructed with an all-weather surface. The material selected was as-
phalt. Some of the asphalt used was naturally occurring Trinidad Lake as-
phalt, while the rest was rock asphalt. This was one of the first applica-
- 3 -
tions of asphalt cement as an aggregate binder.
By 1903 over 42 miLLion square yards of roads and streets had been
paved using asphalt, mostly imported, as the principal cementing agent.
However, it was still a relatively uncommon material that was not widely
used due to its short supply and high cost. With the advent of the motor
car and the associated refining of crude oil to meet the motoring public's
fuel demands, this situation changed. For now, asphalt was readily avail-
able as a by-product of the petroleum refining process. The growth of the
oil industry has been, in part, responsible for the wide use of this pro-
duct. In 1920, the oil industry refined 1.5 million tons of asphalt cement.
By 1973, prior to the decrease in refinery production due to the oil embar-
go, 35.5 million tons of asphalt were produced.
Before WW II, despite it's early use in paving city streets, the major
use of asphalt was in the construction and upgrading of rural, secondary
roads. However, since WW II, asphalt has been extensively used in all seg-
ments of this nation's highway system. Today there are 3.86 million miles
of road in this country, of which 1.89 million miles are hard surfaced C923.
Of this hard surfaced mileage, 94%, or 1.27 million miles, are constructed
with asphalt.
This extensive use of asphalt in road construction, is also typical of
the makeup of the highway system in the State of Indiana. Within the state,
91% of the hard surfaced roads utilize asphalt or asphalt related products.
The Indiana State Highway Commission has 11,203 miles of highway under its
jurisdiction C11]. Of this total, 83%, or 9298 miles, are constructed with
asphalt.
Like most other structures, asphalt pavements must be properly main-
tained. Even though these pavements may be properly designed for future
- 4 -
traffic conditions and Loads, as weLL as unique geographic variables and
climatic factors, the pavement structure has a finite Life. In order for
this Life to be extended and stiLL provide a desirable level of service to
the user (serviceability) the pavement must be routinely maintained and
periodically rehabilitated.
This requirement for pavement maintenance and rehabilitation is one of
the major problems facing this country's transportation agencies. Since as-
phalt is the major component in these pavements, any proposed solution to
solve these maintenance and rehabilitation problems must, of necessity, con-
cern itself with asphalt pavement maintenance and rehabilitation.
1.2.2 Present Road Conditions
The deplorable conditions that have developed in our highway system is
one of the most publicized problems facing the transportation network of
this nation today. The Federal Highway Administration conducted a survey of
the hard surfaced roads in this country and found that the general overall
condition of the road has changed from "good" in 1970, to "fair" in 1975
C142]. This is an alarming decrease in pavement serviceability.
TRIP, The Road Information Program, estimates that 42% of the nation's
paved public roads are seriously deteriorated and in need of resurfacing or
reconstruction II166]. This amounts to 790,000 miles, out of a total of 1.88
mi llion mi les.
The road conditions within the State of Indiana are not much different
than those of the nation. 18,323 miles of the 91,662 miles within the state
are rated poor C165]. Indiana Highways for Survival estimates that over 40%
of the roads are either substandard, poor or just plain bad.
The problem has been widely publicized, particularly with regard to the
Interstate Highway System V6,8,54,114,149]
. However, the Interstate Highway
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System, white accounting for about 20% of the national traffic volume, is
reLativeLy insignificant when the 42,000+ miles of the system are compared
to the total mileage of all the other types of roads. The serviceability
problems on these other types of roads are as bad, if not worse, than on the
more highly publicized interstate highways.
There are several major reasons for this decline in highway servicea-
bility. One of the major factors is the increased traffic these roads must
carry. Total vehicle mileage is up from 966 billion vehicle miles in 1967
to 1478 billion miles in 1977, a 53% increase C92D. During the same period,
the traffic volume on Indiana's roads displayed a similar increase, an in-
crease of nearly 51%. Even more of a factor is that during the same period,
truck traffic was up 81%, from 182.4 million miles to 329.5 million miles.
Another contributing factor to the decline in the general condition of
the highway pavements is the increased Loads these roads must carry. As a
result of the oil embargo of 1973, the individual states were under consid-
erable pressure to increase the maximum allowable load a vehicle could car-
ry, as a fuel conservation measure. In all but 10 states, the maximum load
limit was raised from 73,280 pounds to 80,000 pounds C6]. Recently, with
the political developments in Iran and the associated fuel shortages of
1979, increased pressure was placed on the 10 remaining states to raise
their maximum allowable loads limits to a level equal to that of the other
40 states. However, increased loads have an adverse effect on the life of a
pavement. The loss of a pavement's serviceability is exponentially re-
lated to the maximum allowable vehicular Load. Thus, any increase in the
load limit that allows heavier trucks on the highways will result in the
shortening of the life of the pavement structures involved.
- 6 -
Compounding the problem is the increased number of trucks on the road.
The increase in truck traffic can be partiaLLy attributed to the decline of
the railroads in this country. As more and more miles of unprofitable rail
line are abandoned, the transportation of the products that were handled by
the railroad is now, for the most part, assumed by the trucking industry.
This increased volume is then channeled onto the existing network of high-
ways, thus contributing to the decline in serviceability of these roads.
Another problem is the service life of the pavements. These structures
must be maintained if they are to provide a reasonable level of service. It
has been estimated by a wide variety of agencies and organizations that this
nation's pavements are wearing out 50% faster than they are being repaired
[1773. Ideally, the 11,203 miles of state highway within the State of
Indiana should be resurfaced every 10 years C165I1. In other words, the
state should be resurfacing about 1200 miles per year. However, the Indiana
State Highway Commission is presently resurfacing only 450 to 500 miles per
year.
Related to the service life is the problem of old age. Three quarters
of all the miles of roads in this country were constructed before 1940.
These roads were built to satisfy needs that have radically changed. The
roads were not designed for the volume of traffic, nor the magnitude of
loads, or the operating speeds that are being imposed on them today.
Although one might naturally assume that the problem of old age is
mostly limited to rural secondary roads, the fact remains that some sections
of the Interstate Highway System have already attained a level of service
equal to their initial design life C223]. Even though the entire system is
incomplete, some of the initial construction has already served its intended
function and must be upgraded and rehabilitated. Since these highways do
- 7 -
carry a disproportionate share of the total traffic volume, any serviceabil-
ity problems are significantly highlighted and reflect on the level of ser-
vice of the rest of the road mileage.
1.2.3 Highway Finances
The major cause for the decline in the Level of service on the nation's
highway is the lack of funding that is available to adequately insure that
the roads are properly maintained, rehabilitated, and reconstructed. If
sufficient money was provided to routinely maintain and periodically upgrade
the pavement to satisfy increased service requirements, the resulting system
of roads would have a substantially higher level of serviceability. There-
fore, one of the major reasons for highway deterioration is that of inade-
quate highway finances.
In looking at the problem of highway finances, an important concern is
the total amount of funds expended for highway needs. All transportation
agencies, federal, state, county, and municipal have over the past decade
increased the level of funds that are expended on highways. The total
amount of highway disbursements in this country has risen from 16.7 billion
dollars in 1967 to 29.8 billion dollars in 1977, a 79% increase in total
highway expenditures 1192]. The corresponding Level of increase in expendi-
tures for all highway agencies in the State of Indiana, has also increased
79%, from 355 million dollars in 1967 to 601 million dollars in 1976.
Even though all levels of government have increased the amount of funds
that are expended on highways, when the effects of inflation are taken into
account and the real level of expenditures are calculated, a decline in real
spending is evident. If the total U.S. highway disbursements are analyzed,
as a percentage of the Gross National Product, the level of highway expendi-
tures has actually fallen from 2.1% in 1967 to 1.5% in 1979.
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If the vaLue of the highway doLLar is measured in terms of constant
doLLars, the total highway expenditures have actually decreased from 16.67
billion dollars in 1967, to 15.94 billion (1967) dollars in 1979.
Another revealing set of statistics is the breakdown of where the high-
way funds are expended. Of particular importance, with regard to the condi-
tion of the roads, are those portions of the funds that are expended for
capital improvement, which includes major rehabilitation work, as well as
new construction; and those funds expended for maintenance and traffic
service, which includes money for routine highway maintenance. Since 1967
total U.S. capital expenditures are up 36%, while total U.S. maintenance ex-
penditures are up 124%. During the same period, total Indiana capital ex-
penditures are up 38%, while total Indiana maintenance expenditures are up
68%.
The percentage of total highway funds that is being spent on adminis-
tration and other support activities (law enforcement, safety, and debt in-
terest) has dramatically increased at the expense of capital improvement and
maintenance expenditures. Since 1967 the total expenditures for administra-
tion and other activities has increased 155% in the U.S. and 206% in the
state of Indiana. This trend toward allocating more of the total funds to
expenditures other than capital improvement and maintenance is evident at
all levels of government expenditures.
A study commissioned by the 1976 Indiana General Assembly focused on
the needs of the highway system for the 20 year period from 1975 to 1995.
The study C238D identified three levels of needs and the associated level of
expenditures, in 1975 dollars, required to fullfilL these needs. The
highest level was real needs, which were defined as those projects that
would put the total highway system (state, county, and city) in acceptable
- 9 -
shape to meet traffic needs at the end of 20 years. The Lowest Level was
minimum needs which were defined as those needs that required very Little
major construction. The improvement associated with this level would be
such that the system would be in the same shape at the end of 20 years as it
was at the beginning of the period. This level was defined as a "bare-
bones" level, below which the system would degenerate further. The middle
level, intermediate needs, was a compromise between the two extremes. This
level was predicated on the fact that some roads and streets could remain
deficient, while others could not. The difference between real needs and
intermediate needs would be fullfilled at a variable rate, depending on the
type of road involved. The rate varied from fullfilLing 100% of the needs
of the Interstates, to fuLlfilling only 25% of the rural and urban collector
needs.
The study indicated that 1.159 billion dollars (1975 dollars) ought to
be spent annually to fullfill the real needs, while 743 million (1975 dol-
lars) was the annual expenditure level for minimum needs. The intermediate
needs would require an annual expenditure of 874 million (1975 dollars). In
1976 total Indiana expenditures were 601 million dollars.
Another study focused on the needs of the county roads in the state of
Indiana C35D. The average county road is at a level of serviceability con-
siderably below that of the other types of roads in the state. The county
roads make up 72% of the total 91,622 miles within the state. However, of
the 601 million dollars that was expended on all highways in Indiana in
1976, only 132.5 million dollars (22%) was expended on the 65,824 miles that
make up the county road system. According to the study, by 1980 total coun-
ty maintenance expenses should exceed revenues by 195 million dollars, 700
million dollars by 1990, and 1 billion dollars by 1995. The study indicated
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that the average maintenance and repair expense for county roads (1977) was
1195 doLLars per mile, which represents about 63% of the totaL county road
budget. The range of maintenance costs for counties through out the state
ran from a Low of 393 dollars per mile in Warren County to a high of 3053
dollars per mile in Lake County.
One of the major contributing factors that has caused the level of per-
formance of our highways to decline is the increased cost associated with
equipment, labor and materials. A leading all-purpose indicator of in-
creased costs in the heavy and highway construction industry is the En-
gineering News-Record Construction Cost Index. This index, which combines a
theoretical mix of construction materials and common labor costs, illus-
trates how construction costs vary with time. Since 1967, this index is up
from a base of 100 to 290, indicating that on average, highway and heavy
construction costs have risen 190% C178].
Another indicator that is more representative of the changes in highway
construction costs is the Highway Bid Price Index. This index, constructed
by the Federal Highway Administration, FHWA, is composed of bid prices, as
reported by state highway departments, for several common, but essential,
components of highway construction. The index purports to measure the
changes that have occurred in the cost of constructing highways, on average,
within this country. This index has increased from a base value of 100 in
1967 to a current value of 295, indicating a 195% increase in highway con-
struction costs over the same period of time C178].
A similar index is constructed using bid price information from pro-
jects being built by the Indiana State Highway Commission. This index, the
Indiana Highway Bid Price Index, indicates a 238% increase, from a base
value in 1967 of 100 to 338 for the end of the second quarter of 1979 C178].
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Engineering News-Record also publishes an Equipment Price Index. The
index measures the change in the cost of purchasing equipment, as weLL as
renting equipment. For aLL construction equipment, the index is up from a
base value of 100 in 1967 to a value of 256 in July of 1979. Since highway
construction is a larger user of equipment, this would indicate that the
equipment portion of the highway costs has increased 156%, a relatively mod-
est gain, when compared to other cost components II178].
The component of highway construction costs that has shown the most
dramatic increase since 1967 is materials. The FHWA, through information
supplied by state highway departments on bids they have received, has
developed a Surfacing Index that measures the increased costs associated
with paving a highway. This index, which takes into account Portland cement
concrete, as well as bituminous concrete, has risen 205% since 1967 C178].
Within the Surfacing Index, the cost of bituminous concrete has risen
more than that of the Portland cement concrete. The FHWA reports that the
average bid price for one ton of bituminous concrete, in place, has risen
from $6.47 per ton in 1967 to $20.72 per ton for the second quarter of 1979.
One of the major reasons for this increased bituminous concrete price
is the asphalt that is needed to manufacture the material. Even though as-
phalt cement normally comprises only 5 to 6% of the total materials in the
mix, its cost has risen from 20 dollars per ton, for paving grade asphalt in
Chicago, in 1967 to $100 per ton in 1979 C122:. This represents a 5 fold
increase in the cost of the basic cementing agent.
A similar, but less dramatic, increase is shown in the rise of the
price of 1 gallon of an asphalt emulsion, RS 1, from $.12 per gallon in 1967
to $.40 per gallon in 1979 C122]. This represents a 233% increase in cost,
even though a gallon of this material is made up of about 60% asphalt and
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40% water.
Another major factor related to highway financing is the Level of reve-
nues that are generated to finance the highway programs. Most of the funds
for highway expenditures come from user fees such as taxes. Licensing and
registration fees. The fuel taxes are of two types - a uniform federal tax
that is the same in all states, and a state tax that varies according to lo-
cal desires and Legislative action.
The problem with the generation of highway revenues by user fees is
that the source of these funds have remained essentially fixed over the past
two decades. The major portion of the federal highway taxes that are col-
lected is due to the 4|; per gallon tax on gasoline. This tax rate has
remained constant at the 4^; level since 1959.
The situation, with regard to the state tax, is essentially the same as
the federal tax. The State of Indiana collects 8 cents per gallon of gaso-
line. This tax has only been increased once during the past 21 years, when
in 1969 it was raised from 6 cents to 8 cents per gallon. However, the 1980
Indiana General Assembly passed a measure changing the gas tax from a flat
rate of 8 cents per gallon to an ad valorum rate of 8 percent.
The third major source of revenue is the fees that are charged for
various licenses and permits, as well as, vehicle registration. As is the
case with the gas tax revenues, the amount of money generated by these fees,
in the State of Indiana, has remained essentially fixed over the past two
decades.
Of significant importance regarding revenues generated from fuel taxes,
is the fact that, although the cost per gallon of fuel has nearly tripled in
the past decade, the rate of tax on the fuel has not changed, to any signi-
ficant degree. Thus, the only increased revenue that can be generated from
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user fees is that which comes from increased fuel consumption and/or in-
creased vehicle registration.
Several factors have had a major effect on the generation of highway
funds. Of recent concern is the decrease in the amount of fuel being con-
sumed per vehicle. The average amount of fuel consumed by a vehicle in the
United States rose from 811 gallons per year in 1967 to 880 gallons per year
in 1973 C923. The fuel consumption for vehicles in the State of Indiana
followed a similar trend over the same period of time, with use up from 850
gallons in 1967 to 972 gallons per vehicle in 1973. However, since 1973
fuel consumption has dropped off dramatically to a national average of 804
gallons per vehicle in 1977, while in Indiana the average use has dropped to
884 gallons per vehicle. This drop, both nationally and within the state of
Indiana, can be attributed to many factors. The fuel shortages generated by
the oil embargo of 1973, as well as the resulting higher prices, certainly
has had a restraining effect of vehicle fuel consumption. The Federal
government through its mandatory 55 MPH national speed limit and the
congressionally dictated automobile fuel economy standards has also contri-
buted to lower per capita fuel usage. Of even more consequence is the
national trend of automobile owners to trade their larger, fuel inefficient
vehicles in for smaller, more readily available vehicles that have better
gas mileage capabilities. All of these factors have combined to raise the
national rate of fuel consumption from 11.85 miles per gallon in 1973 to
12.34 miles per gallon in 1977.
Obviously, this decrease in the amount of fuel consumed per vehicle, in
conjunction with the steady tax rates, have combined to dramatically affect
the amount of highway revenue available. Nearly all the increased level of
revenue generated is attributable to the increased vehicle registration in
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the country. Since the major portion of the highway expenditures are made
from user generated funds, the problem becomes obvious. More money needs to
be expended to rectify the declining road serviceability problem. However,
due to constant level fuel taxes and lower per capital fuel consumption
rates, revenues have remained nearly constant.
One method to increase revenues is to raise the user fees, particularly
the gas taxes. However, with the recent anti-tax sentiment by property own-
ers across the country and the national trend to maintain taxes at a con-
stant level, any effort to raise highway taxes has encountered stiff opposi-
tion.
Another method to increase revenues is through the use of debt-
financing. Many states throughout the nation have turned to the sale of
revenue bonds as a partial solution to supplement user generated highway
revenues C126D. However, with the exception of the Indiana Toll Road and a
few streets, Indiana's highways are user financed. Since the state incurred
tremendous losses during the construction of a canal system in the
1850's, Indiana has been prohibited from debt-financing any capital improve-
ment projects. As a result, 98% of the cost of the highways in Indiana are
non-debt funded.
Of significant importance to the state of Indiana is the return of
federal funds. Historically, Indiana has nearly always received less than a
dollar for every dollar sent to Washington. Indiana has consistently ranked
near the bottom of the list for return of federal funds.
The money that is returned from the federal government is another
method to bolster locally generated revenues. However, most of the money
that returns from the federal government carries very exacting stipulations
of where it can be used. A good example is the funding of Interstate High-
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way construction. The Surface Transportation Assistance Act of 1978 pro-
vides for about 45% of the Title I, Highways, funds to be used for Inter-
state Highway completion C176]. Since Indiana took upon itself to finish
its portion of the Interstate Highway system early, it receives none of this
45% portion, even though a part of it was generated within the state.
Contributing to the problem is the diversion of highway revenues to
other uses. The Surface Transportation Assistance Act of 1978 authorized
increased expenditures for public transportation. During the four year life
of the authorization. Title I expenditures for highways is to decrease from
7.4 billion dollars in FY 1979 to 7.1 billion in FY 1982, while Title III
expenditures. Public Transit, is to increase from 3.2 billion dollars to 3.7
billion dollars during the same period C176]. This diversion of funds
from state highway uses to mass and public transit uses may be necessary,
however it does nothing to alleviate the problem of poor roads.
It is quite obvious that the general condition of the highways is, in
part, a function of the amount of money expended on the highways. The
current highway deficiencies could be corrected with the expenditure of a
sufficient level of funds. A preventative maintenance program that would
not allow significant pavement deterioration could be instituted, given a
certain level of funding. The reason these measures have not been institut-
ed is due to the limited funds that are available. Highway agencies
throughout the country have been caught in the dilemma of trying to maintain
and improve road conditions with a fixed level of funds, derived from un-
changing user fees, while the real value of these funds is being rapidly
eroded due to the impact of inflation.
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1.2.4 Energy Considerations
Highway construction, as weLL as reconstruction, is a high energy busi-
ness. The nature of the work and the equipment used, mandates that Large
quantities of fossil fuel be consumed. This poses another problem to the
highway systems in this country. Since the oil embargo and the curtailed
imports of petroleum products into this country of recent years, the con-
struction industry, which once nearly ignored the energy requirements of its
operations, now has become acutely aware of fuel requirements. Threatened
by partial or total disruption of needed supplies, as well as increasing
prices, contractors are becoming more energy conscious. Highway agencies
are also starting to evaluate alternative designs, not only for economical
desirability, but also for efficient use of energy.
A study by the Transportation Research Board of 400 to 500 highway con-
tractors produced the fuel consumption figures shown in Table 1-1 C743.
These figures show the magnitude of fuel required per unit of production of
a variety of highway construction activities, as a function of the job con-
ditions.
The Asphalt Institute has published a detailed examination of the ener-
gy requirements for constructing different types of pavements C64]. This
study analyzes the energy needs required for manufacturing all materials,
hauling, placing, and compaction of these materials, and, where pertinent,
energy requirements ancillary to the basic paving operation. All energy re-
quirements are reported in terms of BTU's, to alleviate the problem of dif-
ferent energy values for different fuels. Energy requirements to manufac-
ture and place different types of pavements are shown in Table 1-2. Energy
requirements for typical pavement designs are shown in Figure 1-1. The ma-
jor advantage of an analysis of this kind is the ability to evaluate a pro-
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Table 1-2 Energy Consumption of Paving Materials, In-Place (64)^
Crushed Stone Base
Produce Crushed Stone












































Full -Depth Asphalt Concrete
surf: 4 in. (3 27,800 BTU/sy-in = 111,200 Btu
^ S"""^- base; Sh in.? 27,800 Btu/sy-in = 152,900 "
Total = 254,100 Btu/sy
5%" Base
4 inch Asphalt Concrete plus 8 inch Emulsified Asphalt Base
4" Surf,
8" Base
surf: 4 in. (? 27,900 Btu/sy-in = 111,200 Btu
base: 8 in. @ 15,600 Btu/sy-in = 124,800 "
Total = 236,000 Btu/sy







surf; 6 in. 27,800 Btu/sy-in = 166,800 Btu
prime: 0.25 gal/sy = 12,400 "
7" Base ^a^e: 7 in. 11,500 Btu/sy-in = 80,500
"
"^
Total = 259,700 Btu/sy
8 inch Portland Cement Concrete
A , "^
•- 'a
8in. (3 67,700 Btu/sy-in 541,600 Btu/sy
8 inch Reinforced Portland Cement Concrete
cone: 8 in.? 67,700 Btu/sy-in = 541,600 Btu
Transverse steel
Bin. (3 2410 Btu/sy-in = 19,280 "
Longitudinal steel
8 in. (3 23,110 Btu/sy = 184,880 "
Total = 745,760 Btu/sy
Figure 1-1 Energy Requirements for some Typical Pavement Sections (64)
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posed pavement in terms of the magnitude of energy that is inherent in the
design. In the future an energy consumption criterion may become important
in selecting alternative designs, as the cost criterion is today.
With increasing energy costs and decreasing availability of fuels, en-
ergy has become a significant problem in highway construction operations.
Any reconstruction or rehabilitation work must consider the energy ramifica-
tions inherent in each proposed alternative.
1.2.5 Other Considerations
The present condition of the highway system has produced several other
problems. According to a study by the Indiana University Institute for
Research in Public Safety, hazardous road defects were a principle cause of
21% of the 10,500 traffic accidents that occurred during a 42 month period
C165]. In the State of Indiana, the second leading cause of accidents
(behind human error) was the bad, unsafe, physical condition of the roads -
chuckhoLes, pavement edge drop-offs, blind intersections, sharp curves,
steep dips and crests. Most of these deficiencies can be attributed to the
decline in road serviceability.
Another problem associated with the bad condition of the roads is the
problem of liability C230]. Negligent maintenance is Least likely of all
highway functions to be immune from liability. The courts have tended to
consider the maintenance phase of highway operations as routine housekeep-
ing, necessary in the performance of normal day to day government adminis-
tration. Highway maintenance is exercised at the operational level and even
though discretion to some extent is involved, the discretionary decisions to
be made are not policy-oriented. Where a claim arises out of negligent
maintenance, the state or the public official or the employee is most likely
to be held liable.
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Given the fact that the majority of the roads in this country involve
the use of asphaLtic products, and given the fact that the general level of
service being currently provided by these highways is less than desirable,
any method or solution advanced to deal with pavement maintenance or
reconstruction must, of necessity, deal with maintaining or reconstructing
asphalt pavements. These rehabilitation methods should deal with the prob-
lem of economics, as well as energy consumption. These methods should re-
turn the pavement structure to a safe and efficient level of service.
1 .3 Maintenance and Rehabi litation Methods
Today a wide variety of different operations exist that can be used to
treat the pavement deterioration problem. The maintenance and rehabilita-
tion options available to the pavement engineer are quite extensive. A
Listing, by no means complete, for asphalt pavements, might list these op-
tions n5,17,19].
1. Do nothing - Self explanatory.
2. Patching - Removal of defective material to a depth where sound ma-
terial is encountered and replacement with higher quality material.
Deep Patches - Permanent
Skin Patches - Temporary
3. Crack Filling - Filling of crack or pavement separation with bi-
tuminous material.
4. Sealing - Thin surface treatment.
Aggregate Seal - Essentially a single application of asphalt fol-
lowed immediately by a single layer of aggre-
gate, of uniform size.
Emulsion Slurry Seal - Mixture of slow setting asphalt emulsion,
fine aggregate and mineral filler and water.
Sand Seal - Application of asphaltic material covered with fine
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aggregate.
5. Surface Treatment - A broad term embracing several types of asphalt
and asphalt-aggregate applications, usually one inch thick or less.
Single Surface Treatment - A single application of asphalt fol-
lowed immediately by a single layer of aggregate
of as uniform size as practical.
Multiple Surface Treatment - Two or more surface treatments
placed one on the other, the aggregate size of
the second application being approximately 1/2
of that of the first.
6. Overlays - One or more courses of asphalt construction placed over
the existing pavement to correct surface and structural deficien-
cies.
Level and Wedge Courses - A course of variable thickness used to
eliminate irregularities in the contour of ex-
isting pavements prior to subsequent treatment
or construction.
Thin Overlay - A course of uniform thickness, applied to struc-
turally adequate pavements to correct surface
deficiencies and renew the surface.
Thick Overlays - A course of sufficient thickness that is applied
to existing pavements to strengthen the pavement
to accommodate the traffic using it for the
design period.
7. Reconstruction - Total removal and replacement of some, or all, of
the pavement structure with new materials. Deficient components of
the pavement are rebuilt as needed.
1.3.1 Federal Rehabilitation Programs
Many agencies have struggled with the problem of how to maintain and
rehabilitate their highway systems. In an effort to encourage these agen-
cies in this vital work the federal government first allocated highway trust
funds to finance reconstruction work in 1976. The program developed was
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caLLed the 3-R program for Resurfacing, Restoration, and Rehabilitation
C118]. The 1976 Federal-Aid Highway Act redefined new construction to in-
clude 3-R work [69,93]. The intent was to permit use of federal funds to
improve highways, specifically Interstate Highways, without making costly
alignment and geometry changes, in order to quality for federal funding.
The Act set aside $175 million dollars for FY 1978 and FY 1979, to be appor-
tioned to the states, solely on the basis of the Interstate mileage within
the state.
The Surface Transportation Assistance Act of 1978 made the 3-R Program
permanent with a level of funding of $175 million dollars of FY 1980 and
$275 million dollars for both FY 1981 and FY 1982 C176]. The apportionment
formula was changed to a system where three quarters of the funds are based
on the Interstate lane-miles in use for 5 or more years and the other quar-
ter based on the vehicle miles of travel on these lane-miles. The funding
participation is 75% Federal and 25% state.
The 1978 Surface Transportation Assistance Act also mandates that at
least 20% of each state's apportionment for primary and secondary systems
must be used for resurfacing, restoring, and rehabilitating existing high-
ways. For the primary system this means a minimum of $310 million dollars
for FY 79 and up to $360 million for FY 1981. The secondary system expendi-
tures will rise from $100 million in Fy 1979 to $120 million in FY 1981.
1 .4 Recycling as an Alternative
Another method that has been used as part of the 3-R program, and which
is a major method for maintaining and rehabilitating asphalt pavements, is
that of recycling - the concept of removing the existing pavement ma-
terial, recovering the useful components, and reconstructing a new pavement
that will perform at a higher level of service for an extended period of
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time.
One of the incidental benefits of the extensive use of asphalt in our
highway system is the ability to reuse, or recycle, nearly all of this as-
phalt. Asphalt pavements have been reprocessed in a variety of ways and
reutilized in nearly the same manner that new asphalt concrete is used.
Bill Swisher, President of CMI, stated in a May 11, 1978 press conference:
"Billions of tons of asphalt paving material are lying dormant
in the worlds' deteriorated street and highway network, creat-
ing an "internation asphalt bank". Each year, tax payers make
deposits in this bank by funding repeated overlays of new
pavement to cover up potholes, surface cracking and deteriora-
tion."
Recycling is a viable pavement rehabilitation alternative. The main
arguments in favor of recycling are those that deal with the previously men-
tioned problems that our highways are facing today: the problems of
deteriorating road conditions, low levels of funding and expenditures, and
severe effects of inflation on the highway programs around the country.









The major advantage of recycling asphalt pavements is the ability to
reuse natural resources which, because of their non-renewable status, have
risen dramatically in price and become more difficult to obtain.
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Each ton of asphalt pavement, in place, represents about 1200 pounds of
well-graded coarse aggregate, 680 pounds of well-graded fine aggregate and
about 120 pounds or about 14 gallons, of asphalt cement. These materials
can be salvaged and reused.
The aggregate portion should show very little, if any, wear as it is
recycled. The gradation that was built into the original mix, at the origi-
nal time of construction, should still be there. The aggregate fraction of
the mix is totally reusable.
A 1976 report, published by the U.S. Air Force Civil Engineering Center
C115], identified geographic areas of aggregate shortages in this country.
The study also pointed out the fact that most metropolitan areas are ex-
periencing some form of aggregate shortage. According to M. J. Hensley,
District Engineer of the Asphalt Institute, our requirement for conventional
aggregate will grow to 4 billion tons per year by 1985, up from 1.8 billion
tons per year in 1970, and 2.5 billion tons per year in 1975 C185]. Recy-
cling asphalt pavements can help meet this increased aggregate demand.
The other major ingredient in bituminous concrete is the cementing
agent, asphalt. Although this material represents a small percentage of the
total mix weight or volume, it represents the largest cost of the mix. As-
phalt is a product of crude petroleum distillation, and as such, is subject
to the same price increases and potential shortages that other oil-
related products have experienced in recent years. Any method that can
reduce the consumption of new asphalt will, necessarily, save natural
resources. Although no acute shortages have been experienced in obtaining
new asphalt, the potential for shortages exists. With increased emphasis on
altering the residual fractions to a higher degree, asphalt may be in short-
er supply with resulting higher prices.
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Recycling provides a means of reusing the asphalt that is already in
place in the road. A single mile of pavement consisting of three lifts con-
tains the asphalt that was obtained from 44,958 barrels of crude oil C90].
By recycling this asphalt, the need to refine the crude oil for road con-
struction purposes is significantly reduced. Even though the asphalt in the
pavement has aged with time, methods exist by which the original charac-
teristics and properties of the asphalt can be restored. The material may
be reused in other applications, thus conserving natural resources, and is
less subject to shortages and price increases.
1.4.2 Energy
The process of manufacturing asphalt concrete and constructing asphalt
pavements is an energy intensive business. The Asphalt Institute in a study
of the energy demands for various types of pavement C64D, found that the
manufacturing and transportation of the raw materials - aggregate and as-
phalt - represented nearly 35% of the total energy demand required to pro-
duce and place asphalt concrete. The energy required to produce a 42 gallon
barrel of asphalt is about 52,500 BTUs. Another 52,500 BTUs is required for
further processing and handling, resulting in a total energy input of
105,000 BTUs per barrel. With 42 gallons per barrel and 235 gallons per
ton, an energy demand of 587,500 BTUs is required to manufacture a ton of
asphalt cement. According to the Asphalt Institute, the average haul dis-
tance for transporting asphalt cement from the refinery to its point of use
is about 50 miles. This haul distance represents another 504,000 BTUs of
energy demand to provide the raw materials to a contractor. If this tran-
sportation energy is added to the manufacturing energy, a total of 1,091,500
BTUs per ton is represented by the raw material.
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The energy required to process and transport the aggregate that is used
in the asphalt concrete is calculated in a similar manner. The generally
accepted figure for energy required to produce crushed stone is 70,000 BTUs
per ton. Natural or uncrushed aggregate, which requires a minimum of pro-
cessing, is assumed to require about 2 horsepower hours per ton of material
processed. Assuming .06 gallons of gasoline per horsepower hour, the pro-
cessing is equal to about 15,000 BTUs per ton. Assuming an aggregate haul
distance of 10 miles, and an aggregate blend of 65% crushed stone and 35%
processed sand, the typical aggregate energy demand is 140,420 BTUs per ton
of raw material [643.
If the asphalt fraction of the total mix is assumed to be 5% and the
aggregate component 95%, the manufacturing and transportation energy
represented by the raw material blend of the asphalt concrete is 187,980
BTUs per ton.
The percentage of total energy represented by the manufacture and tran-
sportation of raw material components of emulsified asphalt bases is even
larger - 71% of the total demand, to construct an emulsion base. The As-
phalt Institute estimates that it requires about 2100 BTUs per gallon to
produce an emulsion (MS-1). With 241 gallons per ton of emulsion and an
average haul distance of 50 miles from the point of manufacture to the point
of use, a ton of emulsion requires the expenditure of 1,010,000 BTUs. If
the same aggregate blend that was used in asphalt concrete (65% crushed and
35% processed sand) is used in the base formulation and if 8% emulsified as-
phalt and 92% of the aggregate blend is used, the resulting energy
represented by a ton of the raw materials in the emulsified base is 210,000
BTUs C643.
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For a pLain, crushed stone base, the manufacture and transportation of
the aggregate represents 93% of the totaL energy required to construct the
base. Crushed stone requires, on the average, 70,000 BTU per ton to pro-
cess. Assuming an average hauL distance of 17.5 miles, the energy required
to transport the crushed stone to the point of use is 149,450 BTU/ton.
Thus, the total energy represented by the raw materials used in a crushed
stone base is 219,450 BTU/ton C64].
Through the recycling process most of this energy needed to manufacture
and transport raw materials for pavement reconstruction is eliminated be-
cause old materials, that were previously manufactured, are reused. Energy
must be expended to reprocess the salvaged material into a form which can be
recycled, but in nearly all recycling methods, substantially less energy is
required for reprocessing than for manufacturing new materials. Thus, recy-
cling can result in a substantial energy savings over conventional, new ma-
terial construction.
1.4.3 Ecology
Recycling is an ecologically desirable construction method that em-
phasizes the positive environmental aspects of reusing a non-renewable
resource. Asphalt pavement recycling is in the national interest because,
at a time when the availability of depletable resources are causing raw ma-
terial shortages, it reuses, instead of wastes valuable pavement materials.
In the past, when an existing highway was reconstructed, either the ex-
isting pavement was overlayed with new material or it was removed and re-
placed with new material. If the old pavement was removed, it was either
disposed of along the side of the road or hauled to a land fill area. Nei-
ther of these alternatives is desirable today. Road side dumps of wasted
pavement are unsightly and, in some cases, illegal. Today in some metropol-
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itan areas disposal charges for clumping waste pavement in LandfiLLs can run
as high as $18 per ton C16D. Recycling can eliminate both of these prob-
lems.
Furthermore, recycling is highly encouraged by the Federal government
as a responsible solution to highway problems and the general handling of
waste products. In its directive of September 28, 1976, the Federal Highway
Administration, through Notice N5040.22, "Recycling of Pavement Materials",
"highly recommends and encourages" asphalt pavement recycling as a rehabili-
tation method that is desirable for the paving industry today.
1 .4.4 Geometry
A major reason for recycling, particularly in urban areas, is the bene-
fits that can be achieved by maintaining or improving the pavement geometry.
Typically, in an urban situation where successive overlays have been applied
to rectify pavement distress problems, curb reveal and the actual curb lines
have been lost, along with the associated storm drainage capacity. To
correct the problem, either the existing curbs must be raised or be rebuilt,
a costly proposition. However, in most urban situations the drainage prob-
lem has been neglected.
Overlays can also cause cross-slope problems with the pavement surface.
In an effort to maintain curb lines and curb reveal, the overlay is feath-
ered out at the curb line and a full thickness is applied at the center of
the road, resulting in a dramatically emphasized crown. If material is re-
moved from the vicinity of the curb prior to overlay, in an effort to obtain
full overlay thickness, yet maintain curb reveal, the cross-slope problem is
further accentuated. In residential areas severe crowns in the roadway
cross-slope can cause the undercarriage of automobiles entering residential
driveways to drag on the pavement surface. Recycling can help eliminate
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these cross-sLope problems.
Another problem with building on top of an existing pavement is the
need to insure that a smooth transition is maintained from the overlay to
the shoulder surface, without any abrupt dropoff. In most cases when con-
ventionally overlaying the pavement and not resurfacing the shoulders, a
wedge and level course should be applied to the shoulders to correct the
abrupt vertical dropoff that is created at the overlay - shoulder intersec-
tion. The alternative method for dealing with this problem is to import new
material in an effort to build up the shoulders to the level of the pavement
overlay.
Vertical clearance is another problem that must be considered in pave-
ment reconstruction. The clear distance between the pavement surface and
overhead constructions must be maintained in tunnels and under bridges and
viaducts. Overlay buildups can cause critical clearance problems that can
be extremely expensive to remedy. This same problem exists with regard to
the vertical adjustments of guard rails and other safety structures. With
multiple overlays creating a substantial increase in pavement elevation,
costly adjustments must be made to maintain the required vertical adjust-
ments of these structures in relation to the pavement surface.
1.4.5 Product
Some preliminary work has been undertaken to examine the final product
of the recycling process. Although the concept of recycling is not new, the
acceptance of recycling as a rehabilitation method is just beginning to
develop. Because of this recent tentative acceptance, little data is avail-
able regarding the long term performance of the recycled product. However,
some preliminary studies indicate that the recycled product may be at least
equal to, if not better than, a new virgin material product.
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The obvious benefit of recycling is the ability to identify problem
areas that have developed while the pavement was serving its original func-
tion. Structural problems in the road can be identified and corrected while
the pavement is being recycled. Deficiencies in initial mix design can also
be corrected. Excessive bitumen content can be remedied by the addition of
virgin or base aggregate. Aggregate gradation deficiencies can be corrected
as desired. Viscosity (penetration) and ductility characteristics of the
binder may be changed, as required, by the addition of new asphalt and/or
rejuvenating agents.
One of the most obvious concerns associated with reworking old asphalt
pavements is the oxidation that the binder has undergone during its service
life. Coons and Wright C47] studied a 2 inch thick Layer of aged pavement
(18 years old) and found that the majority of oxidation occurs in the top
1/4 inch layer, where only 45% of the original penetration and 33% of the
ductility is retained. However, for the entire 2 inch sample, taken as a
whole, 71% of the penetration and 83% of the dutility is retained over
the pavement life.
Original binder properties that are lost (in varying degrees as a func-
tion of the distance from the pavement surface) in the oxidation process can
be recovered through the use of agents that replace resins lost in the aging
process. Thus, the old binder can be softened and reconstituted to approxi-
mately its original characteristics and be reused in the manner for which it
was originally intended.
If the shale content of the original aggregate fraction of the asphalt
mix was near the upper Limit, recycling can be a distinct advantage with re-
gard to pavement Life C86]. The negative effect that shale has on pavement
service life will already have been neutralized by the existing residual as-
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phaLt content and exposure to weather. Thus, if the shaLe is to be reused,
a more durable pavement should result.
If the pavement distress that led to reconstruction was due to low tem-
perature cracking, recycling will produce bituminous mixes that will have
less tendency to crack in the future L2^71. The reason that recycled pave-
ments develop resistance to low temperature cracking is the oxidation that
the asphalt cement has already undergone. Oxidation reduces asphalt tem-
perature susceptibility characteristics and will improve low temperature
performance of the pavement. This process of oxidation by aging can be
likened to 'air-blowing' in the refining process that results in a less tem-
perature susceptible asphalt.
Another recycling benefit is in the area of aggregate - asphalt adhe-
sion. If the binder strips from the aggregate when the asphalt concrete is
initially produced, there is less of a tendency for this to reoccur when the
same materials are recycled [1217]. This is particularly true for hot mixes.
Prolonged contact of asphalt and aggregate while in service on the road is
known to improve bond at the interface of aggregate and asphalt.
The reological properties of bitumen from recycled pavement materials
appear to be better than the reological properties of new hot mixes. Recy-
cled asphalt concrete mixes do not appear to age as fast, nor are they as
"tender" as pavements constructed with new asphalt. Betensen C31] studied a
recycled pavement in Utah over a three year period from 1975 to 1978 and
found that the binder in the recycled mix appeared to be increasing in
viscosity, as a function of time, at a rate slower than the rate of viscosi-
ty change displayed by a virgin asphalt.
The preceding material properties have Led many researchers to believe




One of the major criteria that determines whether a new process wiLL be
accepted or not, is economics. If the recycling of asphalt pavements can
demonstrate an economic advantage over new material construction, recycling
can be accepted as a viable rehabilitation alternative.
The main area of economic advantage that recycling appears to have over
new material construction is in the area of raw materials required for the
project. Since the recycling process reuses materials already on the
roadbed, little or no new materials have to be purchased. The salvaged ma-
terial removed from the pavement has an intrinsic value which can be attri-
buted to the asphalt and aggregate components of the old pavement. This
value is related to the cost of new raw materials. Current estimates of the
value of this salvaged material are conservatively placed at $10.00 per ton
C122]. With new aggregate priced at $4.60 per ton and new asphalt at
$100.00 per ton, a ton of salvage material, in terms of virgin material
prices, is $4.00 for the aggregate fraction and $6.00 for the asphalt frac-
tion. With current hot mix prices ranging from $18 to $20 or more per ton
(in place), a substantial amount of money could be expended to reprocess the
old pavement into a new form and replace it on the roadway, and yet still
realize a cost savings over new material construction. In general, as long
as the cost of removing and reprocessing the old pavement is less than the
cost of purchasing new virgin materials, recycling should be economically
competitive with new material methods.
Transportation costs are another area of consideration that should be
investigated when evaluating the economical aspects of recycling. With re-
cycling, the requirement to transport raw material from the point of
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manufacture to the point of use is either substantiaLLy reduced or eliminat-
ed, which can result in Large costs savings. This is particuLarLy true for
certain areas in this country where, because of their remoteness, extremely
Long hauL distances are required to import either aggregate, or asphalt, or
both. The normal recycling process either removes the old pavement and
transports it to a central processing plant (usually located in close prox-
imity to the project), or processes the material on the roadbed itself. In
either case, the transportation requirements are substantially lower than
they would be with new material construction. With fuel and machinery costs
rapidly escalating in price, a decrease in the transportation requirements,
such as is the case with recycling, can mean a substantial cost savings to
the project.
Since the materials that are to be recycled are already on the roadbed,
recycling provides an expedient method to avoid material shortages and
raw material price increases. Salvaged pavements are not subject to the
same disruption of supply that new materials can suffer. Work stoppages and
strikes at raw material producing facilities should not cause material shor-
tage problems for reclaimed asphalt pavements. Since the materials were
previously purchased at some time in the past, little or no problems are en-
countered with rapidly escalating raw material prices in recycling asphalt
pavements.
Asphalt pavement recycling can be a simple, economical process that
utilizes available equipment and technology already known. This in it-
self can result in a cost savings. With simpler operations, along with the
resultant ease of project supervision, recycling can be less costly than
conventional new material construction.
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1 .5 History of Recycling
Recycling of asphalt pavement is not a new concept. According to the
National Asphalt Paving Association (NAPA) C183], one of the first written
references to recycling was that of the Warren Brothers' efforts in 1915.
Warren Brothers, in their asphalt plant sales brochure stated that their
plants -
"heated and reworked existing sheet asphalt pavements with ex-
cellent results and considerable savings in the cost of the
resultant mix"
This type of work continued until the early 1930' s. According to historical
records there was a considerable amount of recycling done in the urban areas
of the Eastern United States during this period.
However, as new oil refineries were built, asphalt supplies increased
to the point where the prices of new asphalt dropped below the cost to recy-
cle the existing asphalt - a trend that has recently reversed itself.
Recycling efforts in Singapore in the 1930' s have been documented by
Taylor [2253. The process, referred to as "Recondo", involved reclaiming
sheet asphalt through the use of Barber Asphalt Plants. The process was
also introduced in Bombay, India after World War II.
Prior to and after WW II, recycling was embodied in the concept of
stage construction, particularly the process of progressively improving the
low-type roads. This method of reusing and upgrading existing pavement
structures is a gradual strengthening process, which is really a recycling
process. According to the Asphalt Institute C15]:
"The first year the old pavement surface is bladed, an inch or
two of new aggregate added and an asphalt treatment of 1/4 to
1/2 gallon per square yard is applied. The following year, a
second aggregate and asphalt treatment is applied. The third
year, definite weak areas should be located and strengthened
with patch or aggregate base material. The fourth year should
find a surface which can be used as a base or as a maintained
surface."
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The creation of the Interstate Highway System in 1956 shifted emphasis
from maintenance and the rehabilitation of existing pavements, which includ-
ed recycling, to construction of new pavements by most highway agencies. It
has only been with the rapid rise in crude oil prices and the associated as-
phalt price increases, as well as the termination of new Interstate Highway
construction, that recycling once again has surfaced as a viable rehabilita-
tion method. Roads are fast approaching the point where corrective actions
must be taken or the total system will suffer irreversible damage. Highway
agencies are once again turning to recycling as a responsive, rehabilitation
tool.
The Federal Highway Administration, USDOT, initiated Demonstration Pro-
ject No. 39, "Recycling Asphalt Pavements," in June of 1976 "to promote and
encourage the adoption of available recycling techniques."
Recycling has grown from 5000 tons per year in 1974 to, depending on
the source of information, between 2 to 6 million tons by 1978. Douglas
Bernard, Chief of the Construction and Maintenance Group, FHWA, estimates
that by 1980, this country should be recycling close to 50 million tons per
year C192]. Later in the decade, Bernard estimates that nearly 1/3 of the
300 to 400 million tons per year of asphalt paving will be recycled asphalt
paving.
1 .6 Classification of Recycling Methods
Today, a wide variety of methods exists by which asphalt pavements can
be recycled. These methods vary according to the type of equipment used,
the depth to which the operation is accomplished, the physical Location of
where the work takes place, and whether heat is used in the mixing process.
The Asphalt Institute and the National Asphalt Pavement Association
have agreed on a general definition of recycling and the forms that it may
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take C18,1363. Their joint definition defines recycling as;
"The reuse, usually after some processing, of a material that
has already served its first-intended purpose."
The Asphalt Institute and NAPA classify recycling into the following
major divisions:
1. Hotmix Recycling : One of several methods where the major portion
of the existing pavement structure, including in some cases, the underlying
untreated base material, is removed, sized and mixed hot with added asphalt
cement at a central plant. The process may also include the addition of new
aggregate and/or a softening agent. The finished product is a hotmix as-
phalt base, binder or surface course.
2. Coldmix Recycling ; One of several methods where the entire exist-
ing pavement structure, including in some cases the underlying base materi-
al, is processed in-place or removed and processed at a central plant. The
materials are mixed cold and can be reused as an aggregate base, or asphalt
and/or other materials can be added during mixing to provide a higher
strength base. This process requires that an asphalt surface course be
used.
3. Surface Recycling : One of several methods where the surface of an
existing asphalt pavement is planed, milled or heated in place. In the
latter case, the pavement may be scarified, remixed, relaid and rolled. Ad-
ditionally, asphalts, softening agents, minimal amounts of new asphalt hot-
mix, aggregates or combinations of these may be added to obtain desirable
mixture and surface characteristics. The finished product may be used as
the final surface or may, in some instances, be overlaid with an asphalt
surface course.
Another method of classifying recycling operations uses the physical
place where the recycling takes place as the differentiating factor. Epps,
et al. [18,653 and NCHRP Synthesis Panel Members C18D define the major divi-
sions of recycling as:
1. Surface Recycling : Removal of the surface of a pavement to a depth
of less than 1 inch by heater-planer, heater-scarifier, hot-planing or
cold-planing devices. This operation is a continuous single pass, multi-
step process, which may involve the use of new materials including aggre-
gates, modifiers or mixtures.
2. In-Place Surface and Base Recycling : In-place pulverization to a
depth greater than 1 inch followed by reshaping and compaction. This opera-
tion may be performed with or without the addition of a modifier.
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3. Central Plant Recycling : Scarification of the pavement materials^
removal of the pavement from the roadway after or prior to pulverization,
processing of material with or without the addition of a modifier, followed
by laydown and compaction to desired grade. This operation may involve the
addition of heat, depending upon the type of material recycled and modifier
used.
Both sets of definitions are essentially the same, with hot mix recy-
cling being almost synonymous with central plant recycling, and cold mix re-
cycling being the same as in-place surface and base recycling. The latter
set of definitions by Epps, et al. - Surface, Central Plant, and In-Place -




Many different solutions are available to the pavement engineer who is
charged with the responsibility of rehabilitating or reconstructing asphalt
pavements. Depending on the type and magnitude of the pavement deficiency,
a number of conventional maintenance and rehabilitation alternatives may be
considered. Several recycling methods may also be considered as possible
alternative solutions to return the deficient pavement to an acceptable lev-
el of service. However, unlike conventional methods which are generally
well-known and widely practiced, recycling methods are virtually unknown and
have only been sporadically used. Thus, even though the pavement engineer
may be interested in the use of recycling as a corrective measure, the
selection and application of an appropriate recycling method is uncertain
and difficult.
One of the major problems facing the engineer who is considering the
use of recycling as a pavement rehabilitation or reconstruction technique,
is the problem of determining whether a pavement is a candidate for recy-
cling. Furthermore, if it is determined that the pavement can be recycled,
the engineer is faced with the problem of selecting one of the various recy-
cling methods as an appropriate technique for that particular pavement.
Previously, much of the decision making regarding the applicability of re-
cycling methods was accomplished without any formal evaluation process.
Many of the early recycling jobs were either arbitrarily selected as recy-
- 40 -
cLing jobs, or were subjectively chosen (based on experience and intuition)
to demonstrate a particular recycling method. This selection process
resulted in a number of projects that were Less than an unqualified success.
The purpose of the recycling guidelines is to establish a formal
evaluation and investigation procedure to identify possible recycling candi-
dates. The recycling guidelines will provide a rational method to evaluate
the existing pavement, to determine the rehabilitation needs and to deter-
mine if recycling is an appropriate rehabilitation solution. As part of the
recycling guidelines, a field evaluation and testing program is used to in-
vestigate and describe the condition of the existing pavement structure. A
laboratory testing program is used to characterize the existing pavement ma-
terials and compare the current condition of the materials with the condi-
tion of the materials when the pavement was originally constructed. Through
this process, the probable cause of failure can be determined and appropri-
ate rehabilitation alternatives (conventional, as well as recycling) can be
proposed. A recycled mix design is developed that incorporates the findings
of the laboratory study. The final step in the recycling guidelines is the
design of the recycled pavement structure. A flow chart illustrating the
activities that comprise the recycling guidelines is illustrated in Figure
2-1.
2.1 Pavement Investigation and Characterization
A complex problem that must be solved when upgrading a pavement system
is the determination of whether it is possible to continue to maintain an
existing pavement or whether rehabilitation or reconstruction is re-
quired. Furthermore, if rehabilitation is indicated, the incorporation of


















































Figure 2-1 Recycling Guidelines
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Pavement rehabilitation can be defined as "a method or process by which
the pavement can be restored to a satisfactory condition" L^651. However^
before a solution can be proposed, the condition of the existing pavement
must be defined. All pavement deficiencies can be classified into one or
two major categories: structural failures; and functional failures C241I].
Structural failure is defined as a breakdown in the pavement system such
that the pavement is incapable of adequately sustaining the load placed upon
the surface of the pavement. Functional failure, which may or may not be
accompanied by structural failure, is defined as the inability of the pave-
ment system to carry out its intended function for the highway user. High-
ways are designed to provide the user with a safe, comfortable, convenient
and economical method of transporting goods and services. Any time the
pavement fails to perform its intended functions, it provides the user with
a less than desirable level of service. Obviously, the degree of distress,
whether functional or structural, is extremely variable. Thus, it is left
to the pavement engineer to determine if the severity of the failure dic-
tates corrective action and, if indicated, what corrective action should be
taken.
2.1.1 Field Survey Program
The Field Survey Program, outlined in Figure 2-2, provides a means to
formally evaluate a pavement and determine its rehabilitation needs. The
first step in the process is the determination of the functional classifica-
tion of the road. Functional classification is a method by which roads and
streets with similar functions, purposes and importance in the total highway
network can be grouped together. There are many different classification
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4. Land Service or LocaL
5. Scenic
These groups may be further subdivided according to whether the pavement is
Located in a rural or urban environment. Obviously^ each of these groups
has different requirements as to the Level of service the pavement must pro-
vide to the highway user.
2.1.1.1 Pavement Geometry Survey . Following highway classification,
the next step in the Field Survey Program is the determination of the
highway's geometrical adequacy. Many older roads were designed for Low
traffic volumes and slow speeds 1119]. Increased traffic and improved level
of service demanded by users may require that the geometric design of the
road be changed. Thus, the geometric adequacy of the pavement should be
evaluated and, if found deficient, corrective actions can be included as
part of the rehabilitation process. Items that should be checked are Listed
in the worksheet illustrated in Figure 2-3.
Following the survey, a rational decision can be made as to the need
for upgrading or correcting the roadway geometry. If no corrective actions
are indicated, the pavement surface should be surveyed for rideabiLity. If
the pavement rides roughly, a surface condition survey should be conducted
to determine the magnitude of the distress.
2.1.1.2 Surface Condition Survey . The surface condition survey pro-
vides valuable and necessary information regarding the adequacy of the ex-
isting pavement surface in fulfilling its task with respect to current ser-
vice requirements C19].
A distinction should be made between a condition survey and an evalua-







































Figure 2-3 Roadway Geometry Survey
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ment condition at a given point in time. GeneraLLy, no attempt is made to
determine the cause of the conditions encountered. Thus, the condition sur-
vey is qualitative in nature, usually relying on the subjective rating of an
individual rater, disregarding the actual character of the pavement. On the
other hand, the evaluation survey determines the need for a structural ade-
quacy evaluation and determines the cause(s) of distress. The surface con-
dition survey is part of this process. However, the evaluation survey is
more inclusive, considering such items as pavement type, thickness, material
quality and traffic conditions.
The methods used to survey and rate the surface condition of a pavement
structure employ the present serviceability concept. Present serviceability
is the ability of a specified section of pavement to provide, in the opinion
of the user, a smooth and comfortable ride at a particular time C19]. The
two methods commonly used to measure surface condition are Present Servicea-
bility Rating (PSR) and Present Serviceability Index (PSD. PSR is deter-
mined by a group of raters who ride over a pavement section, observe its
rideability and record their opinions as to its ability to serve the traffic
using the road at that moment. Each panel member fills out a card (see Fig-
ure 2-4) rating the pavement on a scale of to 5, with the higher numbers
indicating a satisfactory condition and the lower numbers usually indicating
that the level of service is unsatisfactory and corrective actions may be
needed. The average (or mean rating) of the panel is defined as the PSR.
The Present Serviceability Index is based upon the use of statistical
regression analysis to correlate the users' opinions of present serviceabil-
ity with actual measurements of road roughness, cracking, patching and rut-
ting. For flexible pavements, the AASHTO road test equation for PSI is
C24i::
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Figure 2-4 Present Serviceability Rating (after Yoder & Witczak - 241)
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PSI = 5.03 - 1.9 Log(1+SV) - 0.01 (C+P)''^^ - 1 .38RD^ (2.1)
where: PSI = Present Serviceability Index
SV = Slope variance (measured by a slope prof i Lometer)
C = Lineal feet of major cracking per 1000 sf area
P = Bituminous patching in sf per 1000 sf area
RD = Mean rut depth in inches (both wheel tracks)^ measured with
a 4 foot straight edge
Because the determination of PSI, using the AASHTO roadtest equation, in-
volves a considerable amount of time-consuming measurements and because the
primary factor influencing serviceability is longitudinal roughness, several
mechanical or electrical systems have been developed to accurately and ra-
pidly measure pavement roughness. Among the devices developed and commonly
used are:
1. Roughometer - a device, which whe;. Lc.^ed over a pavement surface,
is assumed to stay in a relatively fixed plane due to its own iner-
tia. Changes in elevation are measured by a floating wheel. The
statistic obtained is inches per mile and may be correlated direct-
ly with PSI.
2. Towed longitudinal profile measuring device - a device which can
plot variations in slope of pavement surface with respect to the
line of the vehicle travel. The statistic derived is slope vari-
ance and may be correlated with PSI.
3. Road Meter - commonly referred to as the PCA Road meter. It is a
device, mounted integrally on a test vehicle, that measures the
number and magnitude of deviations of the rear axle from the
vehicle's frame. Deviations in 1/8 inch increments, with reference
to the standing position of the automobile, are measured and
recorded. The statistics obtained is inches squared per mile and
may be used to calculate slope variance and PSI.
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The PCA Roadmeter readings can be used to caLcuLate the slope variance
(SV) used in equation 5.1. The roadmeter statistic2-((D ) is calculated us-
ing the following equation:
E(d2) = 1a -^ 4b . 9c^. 16d . ... ^^.2)
where: a = number of deviation readings equal to 1/8 inch
b = number of deviation readings equal to 2/8 inch
c = number of deviation readings equal to 3/8 inch
d = number of deviation readings equal to 4/8 inch
etc.
Zrf(D ) may be used as a pavement roughness indicator itself or may be used to
calculate the slope variance using the following equations.
SV = 0.68Z)(D ) + .8 (2.3)
The slope variance is used to calculate PSI. See equation 2.1.
The roughometer readings, in inches per mile, can be used to calculate
PSI using the following equation:
PSI = 5.00 - 0.015R - 0.140 logR (2.4)
where: R = roughometer value, in inches per mile.
PSR or PSI is used to indicate relative pavement surface condition and
permits rating of pavements on a common basis. A serviceability rating of a
particular magnitude should indicate the same surface condition regardless
of the pavement location. PSR/PSI can be used to determine whether to
proceed with or postpone a more detailed investigation. Depending on the
functional classification of the road being surveyed, a low PSR/PSI value
indicates poor pavement condition and suggests that a more detailed examina-
tion of the surface is required. PSR/PSI ratings of 2.5 to 2.0 have gen-
erally been accepted as the minimal value, below which further evaluation
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and corrective measures may be necessary C19,2413. Thus^ as part of the
surface condition survey, a minimum PSR/PSI vaLue should be selected as a
decision criterion. Any pavement with a rating below this value should be
further evaluated.
A surface measurement that is not part of the surface condition survey
is frictional skid resistance. Skid resistance, because it is directly re-
lated to highway safety, is also an important surface condition attribute.
Due to many different factors (materials, traffic and environment), pavement
surfaces will lose their skid resistant properties with age and use. It is
generally recognized that when skid resistance falls below a minimum value,
corrective action is needed. The statistic used to measure skid resistance
is the skid number - SN.
Skid tests are normally conducted utilizing a locked-wheel trailer,
conforming to ASTM standard designation E 274. The test speed has been
standardized at 40 mph. A minimum skid number should be selected as the
value below which corrective action should be taken to restore pavement skid
resistance. Many agencies have selected a skid number of 35 (40 mph) as the
minimum value.
2.1.1.3 Condition Survey . If the surface condition survey indicates
the need for corrective action(s) or if the existence of obvious structural
defects is noted, a thorough investigation of the pavement distress should
be conducted. The pavement should be carefully surveyed and evaluated. A
detailed record should be made of each type of distress encountered, as well
as the severity of the distress and its location. This type of survey, a
condition survey (not to be confused with a surface condition survey), seeks
to establish the cause(s) of the defect(s) C19,803.
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There are many types of defects or forms of distress that may develop






Distress manifestations (problems) associated with flexible pavements can be
assigned to one of the four distress modes listed above. (See Figure 2-5.)
Accurate identification of the distress manifestation is important in deter-
mining the mechanism producing the defect. Listed in Tables 2-^ , 2-2, 2-3
and 2-4 are the major types of asphalt pavement distress and a brief
description of the distress manifestation.
There is no single condition survey that is universally used. There
are nearly as many methods to accomplish the survey as there are agencies
conducting condition surveys C80]. Although the reporting format varies
considerably, in general, the condition survey allows the rater to note the
types of distress encountered, the severity of the distress, the degree or
density of the distress and the Location of the distress. Examples of con-
dition survey forms are illustrated in Figures 2-6 and 2-7. The simple form
illustrated in Figure 2-6 allows the rater to identify the existence of and
subjectively evaluate the density and severity of pavement distress manifes-
tations. The rating form illustrated in Figure 2-7 is more detailed and
provides guidance in defining distress manifestation severity and density.
If the condition survey indicates that the structural adequacy of the
pavement is questionable or if the survey finds defects that indicate that a
structural problem might exist, the strength of the pavement should be











































Description of Distress (17,221,241)
Interconnected or interlaced small
polygon cracks
Longitudinal cracks parallel to and near
the edge of the pavement (within 1 or
2 feet of the pavement edge)
Cracks parallel to the pavement center! ine
Cracks at right angle to the pavement
centerline
Random interconnected cracks
Reappearance of rigid pavement cracks in
flexible pavement overlay
Half-moon or crescent-shaped cracks






Description of Distress (17.221,241)
A Rutting or Channelization Longitudinal depressions, greater than




D Bumps or Humps
E Corrugations
F Chuckholes or Potholes
G Depressions
Longitudinal or transverse undulations with
crest-valley distances greater than 2 feet
Displacement or bulging in the direction
of loading
Localized upward displacement
Transverse undulations at right angles to
the surface with crest-valley distances of
less than 2 feet
Bowl -shaped holes, small localized failure










Description of Distress (.17,221,241)
Bowl -shaped hole, small localized failure
Progressive disintegration, from the
surface down, by displacement of aggregate
particles
Gradual disintegration of wearing surface
increasing texture, e:xposing more aggregate
Scuffing of wearing course









Description of Distress (17.221.241)
Free asphalt on surface, especially in
wheel paths
Smoothing or polishing or pavement surface
aggregate
Longitudinal depressions, greater than
20 inches in length, located in the
wheel paths that collect water
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analysis or pavement deflection analysis. Structural component analysis
calculates pavament strength using the material properties and thickness of
the existing base and asphalt-bound layers. Pavement deflection analysis
calculates pavement strength by measuring the deflection of a pavement sub-
jected to a standardized load.
2.1.1.4 Structural Component Analysis . The process of evaluating the
structural strength of an existing pavement by component analysis is similar
to the process of designing a new pavement C19]. However, the existing
pavement must be evaluated on the basis of the quality and the thickness of
its components, rather than new material properties and specified layer
thickness.
The initial step in the component analysis process is the determination
of the existing pavement's subgrade strength properties. When original
design records are available, the subgrade strength used in the design pro-
cess may be used. However, a limited amount of testing should be conducted
to substantiate the strength assumed. This precautionary testing will indi-
cate if any changes in soil conditions have occurred during the service life
of the existing pavement.
If the original design data is not available, sufficient soil samples
(minimum of three recommended) should be obtained from each class of soil
encountered throughout the project. Soil classes can be determined from
soil survey maps or from actual soil survey data. The strength properties
for each subgrade sample should be determined using either the CBR method
(ASTM Desination D-1883) or the Resistance-R value method (ASTM Designation
D-2844)
.
The Design Subgrade Strength (DSS) value should be calculated using the















































Figure 2-7 Detailed Condition Survey Cafter Haas & Hudson - 80)
- 60 -
Strength is defined as the strength that approximately 85% of all test
values (in a specific section) are equal to or greater than.
The next step in the component analysis process is the evaluation of
the pavement components. Each pavement layer must be converted into an Ef-
fective Thickness (T ) . The Effective Thickness of an existing pavement is
that thickness that would be required if the existing pavement were convert-
ed to an equivalent full depth asphalt concrete of the same load carrying
characteristics. Conversion factors used to calculate T are listed in
e
Table 2-5 by classification of pavement layer and material characteristics.
The use of this table requires that subbase, base and asphalt layers be
properly sampled and characterized to determine material properties and ac-
tual layer thicknesses.
The Effective Thickness of each layer is calculated by multiplying the
actual layer thickness by the appropriate conversion factor. T for the to-
e
tal pavement structure is the sum of T for all layers.
Once the effective pavement thickness has been calculated, the next
step in the component analysis process is traffic analysis, which includes
volume, composition and axle weights. When available, the latest traffic
survey statistics are suitable, if they accurately reflect the current
traffic conditions. However, if the information is out of date or does not
reflect conditions as they now exist, a new traffic survey should be con-
ducted. The traffic survey information is used to calculate the Design
Traffic Number (DTN). The Design Traffic Number is the average daily number
of equivalent 18,000 pound, single axle load applications expected on the
Design Lane during the Design Period. The Design Lane is the lane on which
the greatest number of equivalent 18,000 pound single axle loads is expect-
ed. The Design Period is the number of years until major reconstruction is
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Table 2-5 Conversion Factors for Calculating Effective Thickness Cl9)
Classificc(tion Conversion
of Material Description of Material Factors
I Native s-ubgrade in all cases 0,0
n Improved subgrade-Predominantly granular mat- 0.0-0.2
erials, may contain some silt and clay, but
"
have a PI of 10. or less (improved subgrade=
any course or courses of improved material
between the native subgrade soil and the
pavement structurel
Lime modified subgrade constructed from 0.0-0.2
high, plasticity soils-PI greater than 10.
(Lime modified subgrade=A prepared and
mechanically compacted unhardened or
semi hardened intimate mixture of lime,
water and soil below the pavement system)
III Granular subbase or base-Reasonably well- 0.2-0,3
graded, hard aggregates with some plastic fines.
and CBR not less than 20. Use upper range
if PI is 6 or less; lower range if PI is
more than 6. —
Cement modified subbases and bases constructed 0.2-0,3
from low plasticity soils-PI of 10 or less.
(Cement modified subbase or base=An unhardened
or semihardened intimate mixture of pulverized
soil .Portland cement, and water used as a layer
in the pavement system to reinforce and pro-
tect the subgrade or subbase.)
IV Granular base-Nonplastic granular material 0,3-0.5
complying with established standards for high
quality aggregate base. Use upper part of range.
Asphalt surface mixtures having large well de- 0,3-0,5
fined crack patterns, spalling along the cracks,
exhibit appreciable deformation in the wheel
paths showing some evidence of instability,
Portland cement concrete pavement that has been 0.3-0,5
broken into small pieces, 2 feet or less in max-
imum dimension, prior to overlay construction.
Use upper part of range when subbase is present;
lower part of range when slab is on subgrade.
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Table 2-5 Ccontinued) Conversion Factors for Calcualting Effective
Thickness (19)
Classification Conversion
of Materia l Description of Material Factors
rv Soil-cement bases that have developed exten- 0,3-0.5
sive pattern cracking, as shown by reflected
surface cracks, may exhibit pumping and
pavement shows minor evidence. of instability,
V Asphalt surfaces and underlying asphalt bases 0,5-0.7
that exhibit appreciable cracking and crack
patterns, but little or no spalling along
the cracks and while exhibiting some wheel path
deformations, remain essentially stable.
Appreciably cracked and faulted portland cement 0,5-0.7
concrete pavement that cannot be effectively
undersea! ed. Slab fragments ranging in size
from 1 to 4 square yards, well seated on subgrade.
Soil-cement bases that exhibit little cracking, 0.5-0.7
as shown by reflected surface crack patterns,
and that are under staLlc surfaces.
VI Asphalt concrete surfaces that exhibit some fine 0.7-0.9
cracking, small intermittent cracking patterns
and slight deformation in the wheel paths but
remain stable.
Liquid asphalt mixtures that are stable, gener- 0.7-0.9
ally uncracked, show no bleeding and exhibit
little deformation in the wheel paths.
Asphalt treated base, other than asphalt concrete 0.7-0.9
Portland cement concrete pavement that is stable 0.7-0.9
and undersealed, pieces no smaller than 1 yard.
Vn Asphalt concrete, including asphalt concrete base 0.9-1.0
generally uncracked and with little deformation in
the wheel paths.
Portland cement concrete pavement that is stable 0.9-1,0
undersealed and generally uncracked.
Portland cement concrete base, under asphalt 0.9-1,0
surface that is stable, non-pumping and exhib---
its little reflected surface cracking.
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anticipated.
A simplified approach C193 that can be used to calculate the Design
Traffic Number is listed below:
1. Using the traffic survey statistics^ estimate the average daily
number of vehicles^ in both directions, expected during the first
year after the road is reconstructed. This is the Initial Daily
Traffic - IDT.
2. Estimate the average daily number of heavy trucks expected on the
design lane (one direction only).
Number of Heavy Trucks = IDT x A/100 x B/100 (2.5)
where: A = percent of heavy trucks in the design lane
B = percent of heavy trucks in traffic stream
Note: See Tables 2-6 and 2-7 if data unknown.
3. Estimate the average gross weight of the heavy trucks. Information
may be obtained from weight studies or estimated using Table 2-7.
4. Determine the legal, single axle load limit established by state or
local statutes.
5. Determine the Initial Traffic Number (ITN) by use of the traffic
analysis chart illustrated in Figure 2-8. Enter the chart with the
average gross of heavy trucks on line D. On line C locate the num-
ber of heavy trucks (daily average on design lane), connect the
points on lines C and D and extend the line to intersect line B.
The point of intersection is the pivot point. On line E, locate
the single axle load limit. Connect the point on line E with the
pivot point on line B and extend the line to intersect line A. The































































Figure 2-8 Traffic Analysis Chart (Asphalt Institute - 19)
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(ITN).
6. If the ITN is 10 or Less, a correction for the daily volume of au-
tomobiles and light trucks in the design lane is needed. Use the
chart illustrated in Figure 2-9. Enter the chart (abscissa) with
the daily volume of automobiles and light trucks. Move vertically
to the curve representing the ITN, based on heavy trucks, deter-
mined in step number 5. Moving horizontally, read the corrected
ITN off the graph ordinate.
7. Establish the design period - n (number of years until major resur-
facing or reconstruction is anticipated) and estimate the annual
rate of traffic growth - r. Calculate the Initial Traffic Number
Adjustment Factor (ITNAF) using the following equations:
TTKiAc - (1 + r)" - 1ITNAF =
^g-p (2.6)
where: r = annual growth rate
n = design period, years
note: Design charts illustrated in Figures 2-10 and
2-11 are based on a 20 year design period. The
use of equation 2.6 converts the average daily
number of equivalent 18,000 pound single axle
load applications during the design period to
an equivalent number of 18,000 pound applica-
tions in a 20 year design period.
8. Determine the Design Traffic Number (DTN) by multiplying ITN (steps
5 and 6) by the Initial Traffic Number Adjustment Factor - ITNAF
(step 7).
Using the Design Subgrade Strength (DSS), the Design Traffic Number
(DTN) and Effective Thickness (T^), the structural adequacy of the existing
pavement can be evaluated. The procedure can be used to determine either
the need for structural rehabilitation or to estimate the time before struc-
67
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Cars & Trucks in Design Lane
Figure 2-9 Initial Traffic Number Adjustment Chart (Asphalt Institute)
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tural rehabilitating is required.
The design charts in Figures 2-10 and 2-11 are used to determine if the
existing pavement is structurally adequate or if rehabilitation is needed.
Connect the DTN on line C and the DSS on line B with a straight line and ex-
tend the line until it intersects line A. The value at which the extended
line intersects line A is the total thickness of asphalt concrete (T ) above
the prepared subgrade that is required for traffic and load conditions. If
T. is less than T the pavement is structurally adequate at this time. How-
A e
ever, if T. is greater than T , some form of structural rehabilitation is
A c
indicated.
The average remaining pavement life until a structural upgrading is re-
quired can be determined if T is less than T . The design charts (Fig.
2-10 and 2-11) are entered with T = T and Design Subgrade Strength. A
line connecting these points and intersecting line C yields an Adjusted
Design Traffic Number (ADTN) . Dividing ADTN by the Initial Traffic Number




ITNAF = ^^ %o^r
" ^ (2.8)
n (the remaining useful life) can be calculated by the equation:
log(20r x ITNAF + 1)
,^ „,
;
= logd * r) ^2.9)
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Figure 2-11 Thickness Requirements Using R-Value (Asphalt Institute-19)
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2.1.1.5 Pavement Deflection Analysis . Pavement Deflection Analysis is
the other evaluative technique that can be used to measure a pavement's
structural adequacy. This non-destructive testing procedure relates the
pavement's ability to withstand traffic loading to the magnitude of surface
deflection that occurs as a result of a standarized load applied to the
pavement surface. A considerable amount of research has been conducted to
establish a correlation between wheel loads, pavement deflection, load
repetitions and the structural adequacy of a pavement.
Many different methods can be used to evaluate pavement deflection
C132]. However, two of the most common methods are the Benkleman Beam and
the Dynaflect. The Benkleman Beam measures the response of a pavement to a
single application of a slow moving or static load. The Dynaflect system
measures pavement deflection due to a dynamic force generated by a
sinusoidal vibrator.
The Benkleman Beam is a device that has a long (12 foot), narrow,
levered beam that is slipped between the dual tires of a loaded truck
C19,132D. The instrument has the capability to measure the total pavement
deflection as the test truck is moved ahead. Total rebound deflection is
the amount of vertical movement of the pavement surface that occurs when the
load is removed from the surface, and is measured in mills (1/1000 inch).
Deflection tests should be conducted 2 to 3 feet from the outside edge of
the pavement and at randomly selected longitudinal points. Pavement surface
temperature should be measured at least once per hour. A Representation Re-
bound Deflection (RRD) should be calculated for the pavement section. RRD
is calculated by the following equation:
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RRD = (X + 2s)fc (2.10)
where: X = arithmetic mean of individual rebound measurements
s = standard deviation of rebound measurements (if Less than 10
measurements are taken per section, the standard deviation
should be estimated)
f = temperature adjustment factor
c = critical period and adjustment factor
The temperature adjustment factor is determined from Figure 2-12. The mean
p avement temperature is the average of the temperatures at the surface,
middle and bottom of the total asphalt-bound portion of the pavement. Pave-
ment temperature at varying depths can be estimated using Figure 2-13.
The critical period adjustment factor (CPAF) is used to relate pavement
performance at the time of the test, to the pavement's performance at cer-
tain critical times of the year. If the ttsL is conducted during the criti-
cal period, the CPAF is 1.0. If the test is conducted at periods other than
the critical time, either an estimate, based on sound engineering judgment,
or a previously computed value must be used. The CPAF is calculated by:
,_ _ Critical Period Rebound Deflection ,-, ^,,
Testing Period Rebound Deflection ^<l.-]1)
Once the Representative Rebound Deflection is calculated, the structur-
al adequacy of the pavement can be evaluated using the graph illustrated in
Figure 2-14. Enter the graph with the DTN computed for present and future
road conditions and determine the corresponding design rebound deflection.
If the design rebound deflection is less than the Representative Rebound De-
flection (calculated by formula 2.10), the pavement is structurally inade-
quate. If the design rebound deflection is greater than the Representative
Rebound deflection, the pavement is structurally adequate and the remaining
life can be approximated by letting the Representative Rebound Deflection
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with the RRD, and an Adjusted Design Traffic Number is read off the Design
Traffic Number scale. The approximate number of years^ n^ before recon-
struction is needed is computed by equations 2.7 and 2.9.
Another tool that can be used to measure pavement deflection is the
Dynaflect system C19,132]. The system consists of a device that imparts a
dynamic force of 1000 pounds to the pavement surface via a pair of small,
steel loading wheels. The resulting pavement deflection, usually measured
in mills, has been correlated with Benkleman Beam Deflections. To convert a
Dynaflect deflection to an equivalent Benklemen Beam Rebound deflection, use
the chart illustrated in Figure 2-15.
The equivalent Benklemen Rebound Deflections are treated as convention-
al rebound deflections and are used to calculate a Representative Rebound
Deflection using equation 2.10. From this point on, the evaluation of
structural adequacy is the same as the Benkleman beam.
This completes the Field Survey Program. Deficiencies and rehabilita-
tion needs of the existing pavement have been identified. Depending upon
the classification and type of highway surveyed, substandard conditions that
should be corrected are identified. Geometric deficiencies, as well as sur-
face conditions that result in a low level of serviceability are identified.
Defects or distress mechanisms that result in unsatisfactory pavement per-
formance are identified and classified. Finally, the structural adequacy of
the existing pavement is evaluated. All of this information will be used to
select a method than can be used to rehabilitate the existing pavement.
2.1.2 Historical Records Investigation and Materials Testing Program
The evaluation program outlined in Figure 2-16 provides a means to
characterize the existing pavement structure, particularly the material com-
ponents of the pavement structure. Historical records maintained on the ex-
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isting pavement are studied to determine what shouLd exist in the field. A
Laboratory testing program analyzes field samples and determines what actu-
ally exists in the field. The information obtained from this program, when
combined with the results of the field survey program, should fully charac-
terize the existing pavement and allow the probable cause of pavement dis-
tress or failure to be determined.
2.1.2.1 Historical Records . Many transportation agencies maintain very
detailed records of construction and maintenance operations performed on the
roads and streets within their jurisdiction. This information can be ex-
tremely valuable to the pavement engineer who is charged with the task of
investigating and recommending corrective actions for the rehabilitation or
reconstruction of deficient pavement structures. The data from these
records can provide insight into the type and amount of paving materials
that should exist on the roadbed, as well as a chronological listing of
maintenance and rehabilitation operations performed on the pavement during
its service life.
This type of historical information can be obtained from three dif-
ferent types of records: design; construction; and maintenance. The design
records, when they exist, should contain information that was used in the
original design process. Input variables and design parameters, such as ex-
pected traffic conditions (loads and volumes), climatic conditions and
available materials, should be delineated. Data concerning subgrade
soil type(s) and associated strength characteristics is of particular in-
terest. The records should also indicate design pavement Layer thicknesses,
as well as the types and sources of materials to be used.
The construction records can provide even more pertinent information.
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prepared during construction. This information totally describes the con-
struction methods employed, the materials utilized and the condition of the
final product, as built. Such information, as listed below, should be very
useful in the pavement characterization process.
Subgrade - preparation, stabilization, compaction
Base - type of material, material properties, gradation, stabili-
zation, compaction
Bituminous Concrete - type of material, method of construction,
thickness, compaction
Asphalt Binder - type, material properties, source, rate of appli-
cation
Aggregate - gradation, material properties, source, blend, rate of
application
In many cases, the owning agency requires the contractor to submit "as
built" drawings that accurately record the changes incorporated in the final
project. This information would be very valuable in characterizing the ex-
isting pavement.
The third type of records that provide pavement characterization infor-
mation is maintenance records. In most cases good records should exist that
indicate the timing and type of maintenance action performed, as well as the
reason for the maintenance action. The type and quantities of materials
used, as well as the extent of application, should indicate what materials,
in addition to the originally constructed pavement, should be encoun-
tered during rehabilitation operations.
2.1.2.2. Materials Testing Program . The materials testing program is
used to characterize and evaluate the materials that comprise the existing
pavement structure. Representative samples from the subgrade, base and
- 79 -
bituminous-bound Layers should be characterized using a variety of standard-
ized tests. These tests wiLL indicate the types of materials that actually
exist in the pavement structure and will evaluate their condition.
Most of the material testing should be conducted in the laboratory, on
field gathered samples from the existing pavement. However, the use of a
test pit allows the pavement materials, particularly the subgrade materials,
to be tested in-place. The test pit is normally a rectangular excavation
that is made in the existing pavement structure. As the pavement is being
excavated, samples of the pavement components should be obtained for further
testing in the lab. The test pit also allows actual pavement layers to be
exposed and measured. If the test pit is properly situated, surface crack
propagation into lower layers can also be checked.
The major advantage of a test pit is the ability to measure in situ
subgrade properties. Of particular importance is subgrade strength. ASTM
D-1195, "Repetitive Static Plate Load Tests of Soils and Flexible Pavement
Components for Use in Evaluation and Design of Airport and Highway Pave-
ments", specifies the testing procedures that should be used to measure
subgrade strength. In situ density and moisture content should also be
measured. ASTM D-1556, "Density of Soil In-Place by the Sand Cone Method",
can be used for density and moisture content measurements. Alternatively,
in situ density and moisture content can be measured by nuclear methods, as
specified in ASTM D-2922 (density) and ASTM D-3017 (moisture content).
However, test pits are quite costly, as they require considerable ef-
fort. The use of test pits should be restricted to those cases where very
little information is obtained from historical records, or where deficient
subgrade conditions are expected. Most material characterization and test-
ing should be accomplished in the laboratory. Pavement cores (2 to 10
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inches in diameter) and sack samples (materials obtained from pavement open-
ings and excavations) are the major sampling methods that should be used to
obtain representative pavement materials.
The laboratory testing program is divided into three major areas of
testing: A. subgrade materials; B. base materials; C. bituminous concrete
materials.
A. Subgrade Materials - The subgrade material testing program consists
of soil characterization and determination of strength properties. The
tests that should be conducted to characterize the subgrade materials are:
Sieve Analysis
Liquid Limit





ASTM D-698 (5-1/2 lb hammer)
or
ASTM D-1557 (10 lb hammer)
The subgrade strength should be determined by either the California Bearing
Ratio (CBR) Method (ASTM D-1883) or the Resistance R-Value Method (ASTM
D-2844).
B. Base Materials - The base material testing program is similar to
the subgrade testing program. The tests that should be conducted to charac-
terize the base material are:
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Sieve Analysis ASTM C-136
Unit Weight ASTM C-29
Specific Gravity - Coarse Aggregate ASTM C-127
Fine Aggregate ASTM C-128 (if applicable)
Moisture Density Relationships ASTM C-698 (5-1/2 lb hammer)
or
ASTM D-1557 (10 lb hammer)
The sieve analysis is used to determine the gradation of the base materials
as it now exists. From this test, it is possible to determine if any aggre-
gate degradation has occurred during the service life of the pavement, or if
any intrusion of subgrade fines into the base materials has occurred. Obvi-
ously, in order to make this determination, some information regarding the
gradation of the base, as originally constructed, is needed. This may be
obtained from historical records such as field gradation analysis or
standardized aggregate gradings. Standardized aggregate gradings are
listed in ASTM 0-448.
The strength properties of the base aggregate should be determined by
either the California Bearing Ratio (CBR) Method (ASTM D-1883) or the Resis-
tance R-Value Method (ASTM D-2844)
.
If the pavement is Located in an area where frost heave is a problem,
the base material should be evaluated for frost susceptibility. The amount
of material finer than the No. 200 sieve is a good indicator of frost sus-
ceptibility C241]. One of the following tests should be conducted to deter-
mine the amount of very fine particles: ASTM D-1140, ASTM D-422, or ASTM
D-117.
C. Bituminous Concrete - The testing program for the bituminous con-
crete materials is divided into two main areas: 1. tests that are used to
characterize and evaluate the existing bituminous concrete; 2. tests that
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are used to characterize and evaluate the asphalt and aggregate components
of the bituminous concrete.
In order to evaluate the existing bituminous concrete, full depth pave-
ment cores or sawn samples should be obtained. ASTM specification state the
minimum diameter of cores or the minimum width of sawn samples should be at
least 4 times the maximum aggregate size in the bituminous concrete.
The cores of samples are used to measure bituminous concrete proper-
ties. The thickness of the asphalt-bound layer can be measured directly
from the cores. Bulk specific gravity tests (ASTM D-1188 or ASTM D-2726)
should be conducted on the cores or samples. If the pavement is composed of
multiple bituminous concrete layers, each layer should be separated from the
core and evaluated separately for bulk specific gravity. However, ASTM
specifications stipulate that the minimum thickness of the core or sample
layer should be 1-1/2 times the maximum size of aggregate contained within
the layer. A determination of the percent of air voids in each layer (if
possible) should be made (ASTM D-3203) . This test is particularly important
if flushing or bleeding is evident in the existing pavement.
The cores, sawn samples or sack samples are also used to determine bi-
tuminous concrete component properties. The asphalt and the aggregate pro-
perties should be determined collectively for the entire pavement thickness,
as well as for each distinct bituminous layer. In order to divide the sam-
ple material into its component parts, as well as determine the asphalt con-
tent of the sample, an asphalt extraction (ASTM D-2172) should be accom-
plished.
The aggregate fraction should be characterized by a sieve analysis
(ASTM C-136). The unit weight of the aggregate should be determined accord-
ing to ASTM C-29. If aggregate polishing is a problem with local aggre-
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gates, surface course aggregates should be measured for abrasion resistance
using ASTM C-131.
The asphalt material extracted from the bituminous concrete should be
recovered and characterized. The Abson Method should be used to recover the
asphalt (ASTM D-1856). The tests listed below should be used to character-















If it is suspected that diluents from previously used cutback asphalts still
exist in the bituminous concrete, a test to determine the percentage of
volatiles should be conducted (ASTM D-1461 or AASHTO T-110).
When the material testing program is completed, the findings of the
historical records investigation should be compared with the results of the
materials testing program. If the results of the materials testing program
substantiates the findings of the historical records, with regard to the
type, quantities and material properties and characteristics of the existing
pavement, no further sampling and testing is needed. However, if substan-
tial differences exist, more material sampling and testing should be con-
cluded.
The variability within the material testing program should also be in-
vestigated. If the preliminary findings of the testing program do not allow
the materials to be characterized with any degree of certainty, further
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testing should be conducted to adequately evaluate the material and to
better define the material variability associated with the existing pave-
ment.
2.2 Probable Cause of Distress or Failure
The pavement investigation process composed of the Field Survey Program
and the Historical Records Investigation and Materials Testing Program, al-
lows the pavement to be fully characterized and evaluated for rehabilitation
needs. The Field Survey Program investigates the level of service that the
pavement is providing to the user, as well as providing a formal means to
evaluate the pavement's geometric adequacy, surface condition and structural
adequacy. The Historical Records Investigation provides data on the type
and amount of materials that should be cons-dmed within the existing pave-
ment structure. The Materials Testing Program either substantiates the
findings of the records search, or independently determines the types and
amounts of materials that actually exist within the pavement structure. The
laboratory testing program also allows the pavement materials to be ful-
ly characterized. Combining the results of these two programs, the existing
pavement deficiencies or failures can be fully characterized and evaluated,
allowing the rehabilitation needs to be identified.
The probable cause<s) of distress or failure must be identified before
a method is selected to rehabilitate or reconstruct the existing pavement.
The reason a pavement fails or displays signs of distress can be attributed
to at least one of the reasons listed below C125]:
1. Inadequate design
2. Inadequate materials
3. Inadequate subgrade support
4. Inadequate construction methods
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The specific mechanism (cause) of distress must be determined in order to
determine the probable cause of failure or distress. These distress causing







Within each group^ specific distress mechanisms (causes) produce specific
distress manifestations (problems). This is illustrated in Table 2-8 where
the specific causes of distress are tabulated. The possible manifestations
that can occur are listed for each distress mechanism. Table 2-9 lists dis-
tress manifestations and associated distress mechanisms. The use of Table
2-8 or 2-9 makes it possible to determine the probable cause(s) of distress
or failure. Findings of the Field Survey Program can be used to determine
possible distress manifestations (Table 2-9). Data from the Material Test-
ing Program can be used to determine possible distress mechanisms or causes
of specific pavement failures (Table 2-8). The ability to determine the
probable cause of failure is enhanced through the use of this dual entry
process.
2.3 Identification of Rehabi litation Alternatives
Identification of the probable cause of failure makes it possible to
determine what corrective action(s) should be undertaken to restore the
pavement to a desired level of service. The pavement rehabilitation alter-
natives that are available are quite extensive. However, the alternatives
can be classified into two categories: conventional rehabilitation
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Table 2-8 Distress Mechanisms
Distress Manifestation




C Deep Soil Movement
D Volume Changes of Material
E Water in Subgrade-Poor Drainage











C Surface Course Shrinkage
D Soft Asphalt Surface
E Unstable Mixes
F Volume Changes in Material
G Layer Consolidation
H Lack of Interlayer Bond
4 Materials
A Frost Suseptable Materials
B Low Asphalt Content
C High Asphalt Content
D Low Penetration Asphalt
E High Penetration Asphalt
F Loss of Asphalt
G Aging of Asphalt
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Table 2-8 Ccontlr.uedl Distress Mechanisms
Distress Manifestation
Distress Mechanism (keyed to Table 5-9)
4 Materials Ccontinued)
I Improper Mix Proportions IE
J Polish Suseptable Aggregate IVB
K Too Many Fines in the Mix IIC IIF IIIA
L Volume Changes in Fines IE
M Thermal Changes IE
5 Construction
A Improper Fill Compaction & IC IIG
Fill Settlement
B Inadequate Base Compaction
c Inadequate Bit. Concrete Compaction
D Sliding of Side Slopes
E Inadequate Lateral Edge Support
F Poor Construction Joint
G Lack of Liquid Asphalt Aeration
H Cold or Wet Weather Construction
I Overheating of Mix
J Uneven Spraybar Application
K Inadequate Overlay Preparation
L Reflection or Improperly Filled Cracks
M Movement of Underlying PCC
6 Traffic
A Traffic Action
B Lack of Traffic
C Excessive Loading
D Heavier Than Designed Traffic
















lA IC ID IIF IIIA




Table 2 -a Distress Manifestations
Distress Manifestation
Distress Mechanism
Ckeyed to Table 5-8)
r Cracking
A Alligator lA 2A 3A 3B 58 6C
B Edge Cracktng IB IE IG 2C 2D 3C 4A 5D 5E 6E
C Longitudinal Cracking IC ID IG 2D 3B 3C 4A 5A 5D 5p 6C
D Transverse Cracking 3B 3C 4G 4H 5L 6C
E Shrinkage Cracking ID 3F 4C 41 4L 4M 6B
F Reflection Cracking 5L 5H
G Slippage Cracking 3D 3E 3H 5K
II Distortion
A Rutting or Channelization 3E 3G 5C 6D 6F
B Waves IB ID 2B 5K
C Bumps or Humps IF IG 2D 3E 4A 4K
D Shoving 3E 3H 4E
E Corrugations lA 3E 5G
F Chuckholes IE IH 2C 3B 4B 4K 6C
G Depressions IB 2A 3A 3G 5A 6D
III Disintegration
A Chuckholes IE 1H.2C 38 4B 4K 6C
B Raveling 48 5C 5H 51 5J 6A
C Weathering 4F 4G
D Abrasion 6A
IV Skid Hazard





3E 3G 5C 6D 6F
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alternatives; and recycling rehabilitation alternatives. The conventional
alternatives are listed in Table 2-10, while the recycling alternatives are
listed in Table 2-11. These tables also list the normal use or the type of
distress that the rehabilitation alternative can correct.
In general, pavements that are in need of rehabilitation can be divided
into four cases, based on the condition of the existing structure:
Case I All layers are structurally unsound.
Case II The surface layer is structurally unsound, but all sublayers
are structurally sound.
Case III The surface layer and all sublayers are structurally sound,
but the surface layer is functionally unsound.
Case IV All layers are sound, but the pavement is geometrically
inadequate.
Obviously, the geometric inadequacy of Case IV can exist in conjunction with
the conditions of Cases I, II, III.
Depending upon which case best describes the existing pavement, reha-
bilitation alternatives, both conventional and recycling, can be selected
utilizing the information listed in Table 2-12.
The selection of rehabilitation alternatives is based upon the results
of the Field Survey Program which allows the existing pavement to be classi-
fied into one of the four cases. Although this method does not address
specific causes of failure or distress, it does allow a rapid determination
of feasible rehabi liation alternatives.
A more precise method to identify appropriate rehabilitation alterna-
tives, both conventional and recycling, is to use the specific distress
manifestations that the existing pavement exhibits. Table 2-13 lists both
conventional and recycling alternatives that are recommended for correcting
90




















Treatment of small surface cracks
Localized repair of cracking,
distortion, and disintegration
Waterproofing of surface, improvement
of surface texture and skid resistance,
renew old surfaces, retard disintegra-
tion, and seal small cracks
Waterproofing or surface, improvement
of surface texture and skid resistance,
seal cracks, retard disintegration,
provide some additional strength
Correct distortion and restore cross-
slope
Correct distortion, correct surface
deficinecies and provide added strength
Removal and replacement of defective
materials with new materials, improve
strength and correct geometric deficiency
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Correction of surface distortion, improve
skid resistance, overlay preparation
Correct surface distortion, skid resistance
Correct non-load associated cracking,
overlay preparation
Correct surface distortion, additional strength
Correct surface distortion, skid resistance,
overlay preparation
Correct surface distortion, skid resistance,
restore cross-slope, overlay preparation
Correction of all forms of surface distress,
correction of geometry problems, correction
of subgrade, base and bituminous concrete
problems, and upgrading structural capacity
Correction of geometry problems, upgrading
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specific distress manifestations. Entering the Table with the appropriate
pavement distress enables one to identify the recommended rehabilitation
alternative(s). If more than one distress manifestation is evident in the
existing pavement, all rehabilitation alternatives should be identified.
The recommended corrective action for the more severe distress problem will
generally totally solve or aid in correcting the other, less severe distress
problem.
A major factor not specifically addressed in the information contained
within Table 2-13 is the degree and extent of the pavement distress. The
concept of distress severity and extent of distress was previously iden-
tified in conjunction with the pavement condition surveys of the Field Sur-
vey Program. Obviously, the degree or magnitude of the distress will influ-
ence the type of rehabilitation method that can be used to restore the pave-
ment to an acceptable level of service.
A method to assess the magnitude of the distress has been advanced by
Davidson et al. C52]. According to their study, pavement distress
progresses through four distinct stages: (1) The first stage of distress
occurs during construction when the virgin properties of the binder are
changed. This change can be attributed to the processing (particularly
heating) actions that the binder is subjected to. (2) The second stage of
distress is attained after several years of exposure to weathering and nor-
mal wear. Distress is evidenced by slight hairline cracks, crazing, loss of
matrix, minor surface blemishes and increased permeability. Only minor
maintenance or surface rejuvenation is required at this time. (3) The
third stage of distress is evidenced by extreme surface wear, distortion,
generally poor appearance and rideability, although the pavement is struc-
turally sound. Corrective actions required are those operations that will
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restore the surface to an acceptabLe Level of service. (4) In the fourth
stage of distress, the pavement structure has deteriorated to an extent that
it no Longer serves the original design purpose. Extensive aging, heavy
wear and lack of sufficient maintenance all contribute to this stage of dis-
tress. The normal corrective action is to either remove and reconstruct the
pavement, or to salvage and recycle the pavement components.
The concept of selecting appropriate rehabilitation alternatives for
varying degrees of pavement distress is intrinsically addressed in Table
2-13. The first rehabilitation alternative listed for each distress man-
ifestation would normally be used to correct distress problems of minor
severity and low frequency of occurrence (2nd and 3rd stage distress prob-
lems). On the other hand, the rehabilitation alternative listed last would
normally be used to correct pavement distress of major severity and exten-
sive frequency of occurrence (4th stage distress problems).
No quantitative values are assigned to the different degrees of dis-
tress and associated rehabilitation alternatives addressed in Table 2-13.
The condition survey should provide enough information to subjectively
determine the severity and extent of the pavement distress. The selection
of an appropriate rehabilitation alternative should be based on sound en-
gineering judgement using all available information. In most cases, the
process of using engineering judgment, based upon personal knowledge, past
experience and local conditions will better identify rehabilitation alterna-
tives than a strict quantitative process.
Another procedure that can be used to identify feasible recycling reha-
bilitation alternatives is a method that considers pavement distress mechan-
isms. Each distress mechanism listed in Table 2-14 has appropriate and
feasible recycling options identified. As was the case with the selection
- 99 -
process outlined in Table 2-13^ engineering judgment must be used to narrow
the choice of possible alternatives so that an appropriate recycling
method(s) can be selected for the degree of distress that the existing pave-
ment exhibits.
A flow chart of the rehabilitation selection process is illustrated in
Figure 2-17 (conventional alternatives) and Figure 2-18 (recycling alterna-
tives) .
All three processes (general structural classification, distress man-
ifestation and distress mechanism) should be used to identify possible reha-
bilitation alternatives. Those alternatives that are indicated as feasible
alternatives by all three processes, should be considerea as prime candi-
dates for further evaluation. Alternative methods indicated by only one or
two of the processes should be carefully considered, but, if inappropriate
or unrealistic for existing pavement conditions, they should be discarded in
favor of more realistic alternatives. Each rehabilitation alternative iden-
tified should be considered in Light of the magnitude of pavement distress
displayed. Alternative methods that are obviously inappropriate for the de-
gree of distress displayed should be eliminated from further consideration.
2.4 Selection of Rehabi litation Method
The most appropriate corrective action(s) must be selected from the
feasible alternatives generated by the Rehabilitation Identification Pro-
cess. Although all alternative methods identified could satisfactorily
rehabilitate the pavement, normally one (or more) of the methods is more
desirable.
The choice of a conventional rehabilitation method is not normally a
problem. Most agencies have considerable knowledge and widespread experi-
ence with conventional rehabilitation processes, which allows the appropri-
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All Cases X X
Base
All Cases X X
Bituminous Concrete
Excessive Deflection X X X X X X
Fatigue X X X X X
Surface Course Shrinkaoe X X X X X X X
Soft Asphalt Surface X X X X X X
Unstable Mixes X X X X X X
Volume Changes in Material X X X X X X X
Layer Consolidation X X X X X X X X X X
Lack of Inter! ayer Bond X X X X X X X X X X
Materials
Frost Suseptable Materials X X X
Asphalt Content (low or hiqhl X X X X X
Asphalt Penetration X X X X X
Loss of Asphalt X X X X X
Asphalt Ductility X X X- X X
Mix Proportions X X" X X X
Polishing Aggregate X X X X X X X ' X X
Excess Fines in Mix X X X X. X X X X x X
Volume Change in Fines X X X X X X X
Thermal Changes X X X X X X X
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Inadpqiiflte Fill Cnmpar.tinn X X
Inadequate Base Compaction 1 X X
Inadequate Bituminous Compaction X X X X X X X
Slidinq of Side Slopes X X
Inadequate Edge Support X X
Poor Construction Joint X X X
Lack of Aeration-Liquid Asphalts X X X X X X
Cold or Wet Weather Construction X X X X -X X
Overheatinq of Mix X X X X X X
Uneven Spray Bar Application X X X X X
Inadequate Overlay Preparation X X X X
Reflection of .Cracks X X X X X
Movement of Underlying PCC X X X X
Traffic
Traffic Action X X X X X X
Lack of Traffic X X X X X X
Excessive Loadinq X X X X X




Differential Loads Across Joint X X X































































































































Figure 2-18 Recycling Rehabilitation
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ate method to be selected with a minimal amount of difficulty.
However, the choice of a recycling rehabilitation method is not as
easy. Most agencies have limited knowledge of, and little experience with,
recycling processes. To the inexperienced it might appear that several re-
cycling alternatives are equally desirable, when in fact, one method is more
appropriate for the pavement conditions being considered.
Several factors, other than the distress mechanisms and manifestations,
should be considered when selecting the appropriate recycling alternative.
These factors and their influence on the choice of the appropriate recycling
method are illustrated in Table 2-15.
The thickness of the existing bituminous-bound material is an important
factor to consider if surface recycling (hot or cold) or partial depth cen-
tral plant recycling is indicated.
The environmental setting (urban, suburban, rural) or location of the
pavement structure also influences the choice of recycling method. Some re-
cycling methods are preferred or are more suited for one environmental set-
ting than another location. The information in Table 2-15 comments on the
frequency of use of each recycling method for the respective environmental
setting listed.
The functional classification of the highway influences the choice of
the appropriate recycling method. Certain recycling methods are more desir-
able because of the roadway's importance to the entire highway system, the
magnitude and type of traffic using the road, and the ability of the highway
to tolerate reconstruction activities. The tabulated information comments
on the frequency of use of each recycling method for the respective roadway
functional classification.
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Urban Common Common Limited Rare Rare
Suburb Common Common Limited Limited Rare






Freeway Limited Common Limited Limited Rare
Artery Common Common Limited Limited Limited
Collector Common Common Limited Limited Limited
Local Coininon Limited Rare Rare Limited
Traffic Disruption Minimual Minimal Moderate Maximum Maximum
Climatic Effect on
Construction Season Adverse Minimal Moderate Moderate Adverse


























Another important consideration in choosing the appropriate recycling
alternative, is the degree to which traffic will be disrupted while the
pavement is being reconstructed. Surface recycling results in the least
amount of disruption, while full depth central plant and in-place recycling
cause the maximum disruption. In fact, these latter two alternatives nor-
mally require that traffic be totally banned from the roadway.
Climatic conditions can seriously restrict the construction season to a
time of the year when favorable weather conditions are encountered. The de-
gree to which weather affects the recycling operations can be an important
decision criterion for some geographic areas. The effect that weather has
on each recycling alternative is listed in Table 2-15.
The physical size of the total rehabilitation effort can also influence
the choice of an appropriate recycling method. Table 2-15 comments on pro-
ject size and the normal use of recycling methods.
Total project duration may also influence the choice of the recycling
method. Typically, surface recycling operations are associated with short
project durations, while the project duration for central plant and in-place
recycling jobs are normally Longer.
The existence and enforcement of local environmental standards and laws
will also influence the choice of the appropriate recycling method. Hot
surface recycling and central plant recycling can pose problems in complying
with pollution standards.
The feasible alternatives generated by the Rehabilitation Identifica-
tion Process should be narrowed to two choices. In one case, the most ap-
propriate conventional alternative should be chosen based on experience,
familiarity and applicability of the process. In the other case, an ap-
propriate recycling alternative should be chosen from among the feasible al-
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ternatives by the use of the factors Listed in TabLe 2-15. However, the fi-
nal choice of a single method will be based on an analysis of the economics,
energy consumption and ecological ramifications of each rehabilitation al-
ternative. Before this analysis can take place, a mix design, as well as a
pavement design for the recycled pavement must be undertaken.
2.5 Mix Design
The design of the recycled asphalt concrete mixture is very important
to the success of the rehabilitation process. Appropriate design procedures
should be used for the various recycling methods, for each form of recycling
requires a different procedure.
2.5.1 Surface Recycling
The only form of surface recycling that requires a recycled mixture
design is heater-scarification. The major concern of the heater-
scarification mix design process is the choice of the type and amount of
modifying material to be added during the scarification process.
The design procedure is a trial and error process. The objective is to
choose a modifier and determine the proper amount of the modifier needed to
change the existing binder characteristics to a predetermined value. The
choice of a modifier is very subjective, for many different modifying agents
are available. The basic modifiers are either liquid asphaltic materials or
proprietary rejuvenating or softening materials. Some research has been
conducted to evaluate different modifying agents for recycling purposes C9D;
however, the choice is very subjective.
The determination of the proper amount of modifying agent is more pre-
cise C5,107]. Samples (either cores or sack) of the pavement to be heater-
scarified should be obtained. A layer, 3/4 to 1 inch thick, should be re-
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moved from the top of the samples. The binder in this upper Layer should be
extracted and recovered using standard procedures. Several different blends
of the extracted binder and varying percentages of the modifying agent
should be evaluated. The viscosity or the penetration of the blend should
be measured for at least three different blends of modifier and reclaimed
asphalt cement. The viscosity or penetration and the percentage of modifier
in the blend should be plotted. (Plot should be made on semi-Log paper with
the viscosity or penetration plotted on the ordinate (Log scale) and the
percentage of modifier on the abscissa.) A straight Line (or slightly curved
Line) connecting graph points should be drawn. The amount of modifier re-
quired for the recycled mixture is determined by entering the graph with the
final specified viscosity or penetration of the recycled blend and reading
the corresponding percentage of modifier needed.
The amount of modifier required will be affected by the timing of its
application during the heater-scarification process. If the modifier is ap-
plied immediately following scarification^ the amount determined by the
blending graph should be accurate. However, if the modifier is applied
after compaction, the blending graph is not applicable. Small, scarified
samples of the pavement material should be fabricated, compacted and sprayed
with modifier to simulate the recycling process. The samples should be
checked to determine how well the modifier penetrates the compacted surface
and whether flushing will be a problem. If penetration and/or flushing
poses a potential problem, the amount of modifier needed should be changed.
According to the Asphalt Recycling and Reclaiming Association, typical ap-
plication rates for heater-scarification vary between 0.1 to 0.2 gallons per
square yard C131].
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2.5.2 Central Plant Recycling
The mix design procedures for central plant recycling are basically the
same procedures used for designing conventional hot mix asphalt concrete.
In general, satisfactory mixes have been produced using slightly modified
Marshall and Hveem Procedures. See Section 8.3.2 (V.II) for a detailed nar-
rative of the design process.
Appendix A (V.II) contains a set of guidelines for design of central
plant recycled mixes using Hveem or Marshall methods.
Appendix B (V.II) contains a set of guidelines for design of central
plant recycled mixes using a single modifying agent.
Appendix C (V.II) contains a set of guidelines for designing central
plant recycling mixes using salvaged aggregate and a single reclaiming
agent.
2.5.3 In-Place Recycling
Many different methods have been used to design and test cold, mixed
in-place recycled materials. These testing methods have included the
Marshall Stability Test, the Hveem Stability and Cohesiometer Test, the
Splitting Tensile Test and the Resilient Modulus Test.
At present, no standardized procedures exist for designing and evaluat-
ing cold, mixed in-place recycled materials. However, laboratory work con-
ducted by Tia C2313 has indicated that the gyratory compactor can be used to
produce cold mixed recycled samples that accurately simulate the effects of
field operations and future traffic conditions on materials recycled in-
place. The gyratory compactor was found to yield the best results of all
equipment tested. The Hveem kneading compactor was investigated as a possi-
ble tool, but was eliminated because of the tendency of the recycled mix to
adhere to the compactor foot. The Marshall method produced samples with in-
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consistent material properties and did not property simulate actual field
conditions.
Tia found that the gyratory compactor could very accurately predict fu-
ture recycled mixture instability, as well as the phenomena of asphalt
bleeding. The high compactive force of the gyratory machine forces the old
and the new asphaltic material to act as one. This action more accurately
simulates the conditions that traffic will impose on the recycled material
after some period of service.
The standard ASTM procedures for use of the gyratory compactor calls
for 30 gyratory revolutions at a ram pressure of 200 psi. According to ASTM
procedures this is equivalent to 75 blows of the standard Marshall hammer on
each side of a specimen. The standard gyratory compactive effort is sup-
posed to be equivalent to one year of compaction under medium traffic. How-
ever, Tia found that by using 40 gyratory revolutions at a ram pressure of
200 psi, the effects of traffic could be more accurately modeled, and ma-
terials that had a tendency to bleed could be more readily identified.
The evaluation of the recycled samples were conducted using the Hveem
Stabilometer to measure R and S values and the Hveem Cohesiometer to measure
C values. Currently, work is underway to evaluate the use of the Resilient
Modulus Test as a means of evaluating recycled mixes constructed using in-
place methods.
The testing procedure developed by Tia is outlined in Appendix D
(V.II).
2.6 Pavement Design
The design of the pavement cross-section is very important to the recy-
cling process. The proper thickness of pavement components must be chosen
so that the pavement will perform in an adequate manner for the anticipated
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traffic conditions (magnitude and frequency of axLe Loads) and climatic con-
ditions, as well as the types of materials used. To date most of the pave-
ment design for recycled asphalt pavement materials has been done using the
American Association of State Highway and Transportation Officials (AASH-
TO) design procedures for flexible pavements C13. Unlike the basic Asphalt
Institute design procedure C228], the AASHTO method utilizes layer coeffi-
cients to represent the relative strength of a wide variety of materials
that can be used in the pavement structure.
The original AASHO coefficients were developed from the AASHO Road Test
conducted in Ottawa, Illinois in the late 1950's and the early 1960's.
Presently, a considerable amount of research is underway to define appropri-
ate Layer coefficients for recycled products. In the interim, sound judg-
ment should be used to select representative layer coefficients for recycled
pavement design.
The AASHTO Design Process relates the number of 18-kip single axle Load
repetitions required to reach a predetermined terminal serviceability level
for any given pavement structure, climatic condition and subgrade soil. An
excellent discussion of the background and procedures of the AASHTO method
is contained in Principles of Pavement Design by Yoder and Witczak C241].
The AASHTO Design procedure is outlined in Appendix E (V.II).
The AASHTO Method specifies that the minimum thickness for surface,
base and subbase courses should be 2, 4, and 4 inches, respectively. Each
layer should also be checked to insure that it is not overstressed. This
process will also result in another set of minimum layer thicknesses.
Due to the lack of data correlating field performance with recycled as-
phalt concrete mixture characteristics, detailed information regarding the
selection of appropriate layer coefficients is Lacking. Most of the recy-
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cLed pavement design has been accompLished using Layer coefficients chosen
on the basis of sound engineering judgment. The correlation of material
properties with Layer coefficients (see Appendix E (V.ID), as well as the
layer coefficients developed by the Forest Service C71], have been used as a
basis for this engineering judgment. Obviously^ the method of recycling
will greatly influence the choice of layer coefficients.
2.6.1 Surface Recycling
The pavement design process for surface recycling is quite simple. As
Long as the pavement is structurally adequate, the only design consideration
is the appropriate thickness of overlay (if used) that should be applied to
the recycled surface. Because the bond between the recycled surface and the
overlay is extremely tight C2333, much thinr.sr than normal overlays can be
applied. The Asphalt Institute recommends that the minimum thickness be no
less than twice the maximum particle size in the overlay C222]. One tran-
sportation agency (Texas) specifies that the minimum overlay thickness be
not less than 0.4 to 0.5 inches C26]. If the overlay must serve the func-
tion of increasing the structural number of the pavement, most agencies have
assumed an overlay coefficient appropriate for the type of material being
used. The Mississippi State Highway Department has used 0.44 as the AASHTO
layer coefficient for virgin material hot mix overlays for surface recycling
C236:.
2.6.2 Central Plant Recycling
Most of the pavement design for central plant recycled materials has
been accomplished using the standard AASHTO layer coefficients for high sta-
bility plant mix material. Because the quality of central plant recycled
mixes can be carefully controlled and a uniform product of near new material
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characteristics can be formed^ this assumption appears to be sound. The Ar-
izona Department of Transportation has found that Hveem correlated structur-
al layer coefficients for 5 recycling jobs has ranged from .36 to .42 C5].
Arizona assumes a recycled layer coefficient of 0.40 for central plant recy-
cled mixtures C2013. Initially, the recycled material on a central plant
recycling job in Oregon was assumed to have a layer equivalency of 2.0 times
Oregon's crushed base equivalent C60]. (This value is similar to the AASHTO
coefficient for high stability plant mixed materials.) However, after a
period of service and Dynaflect testing, it was determined that appropriate
equivalency was 1.7 or 1.6. This would indicate that the AASHTO layer coef-
ficient for high stability plant mixes should also be reduced by the same
order of magnitude. The Asphalt Institute, in an article discussing the ef-
fects of recycling on a road's traffic capacity C2393, used an AASHTO layer
coefficient of .35 for central plant recycled material. Until more field
correlated data is available, it would seem to be appropriate to assign a
layer coefficient to central plant recycled material that is lower than the
AASHTO coefficient value (0.44) for high stability plant mixes. However,
since the amount of reduction cannot be quantified, the reduction should be
based on sound engineering judgment.
2.6.3 In-Place Recycling
Due to the wide variety of recycled products that can be produced by
in-place recycling, the choice of appropriate layer coefficients is more
difficult and subject to more engineering judgment than other recycling
ethods. However, a sound basis on which to select appropriate layer coef-
ficients is the information developed by the Forest Service C71]. The coef-
ficients published by the Forest Service cover a wide range of materials and
construction methods and can be used to identify a range of values that can
m
- 114 -
be assigned as Layer coefficients. The appropriate coefficients can be
selected based on the materials and the construction method used, as well as
sound engineering judgment.
A layer coefficient for the recycled material was assumed to be 0.22 on
an in-place recycling project in Maine, where the existing pavement was
crushed with a hammermill and placed as base material (with no additional
binder added) C179I1. This value was considered reasonable for low stability
mixes. (If 4% emulsified asphalt had been added to the salvaged material it
was felt that the appropriate layer coefficient would have been .25.)
An in-place recycling project in Elkhart County, Indiana that used a
chemical in the crushing and pulverization process, as well as additional
asphalt, in the form an emulsion, assumed an appropriate range of layer
coefficients from 0.16 to 0.20 C623.
Obviously the choice of appropriate layer coefficients for in-place re-
cycled materials, until completely researched and field tested, must rely,
in large part, on the pavement engineer's experience and judgment.
An important in-place recycling consideration is the need for the recy-
cled product to be overlayed with some form of waterproofing or wearing sur-
face. If the pavement design does not identify the need for a structural
overlay, most agencies have recommended that, depending on the anticipated
traffic, either a thin hot mix overlay or a surface treatment (multiple or




The final phase of the recycling improvement process involves imple-
menting the solution generated by the recycling guidelines for the rehabili-
tation or reconstruction of the deficient pavement. The recycling system
(Figure 2-18) should be fully evaluated and compared with the conventional
system (Figure 2-17) identified by the recycling guidelines. Prior to the
start of actual construction^ the job should be thoroughly analyzed and
planned. Anticipated problems should be identified and remedial solutions
generated in advance of actual occurrence. Finally^ a set of specifications
should be developed to adequately control work activities and to insure that
a quality product is produced.
3.1 Formulation of a Recycling System
The recycling alternative generated by the recycling guidelines is only
a generalized recycling method. In order to implement the solution, a
specific recycling system must be chosen. The system will be composed of
component pieces of equipment selected to optimize system performance. The
recycling guidelines will provide input for the equipment selection process
so that the proper equipment components will be identified. The characteri-
zation of the existing pavement, the recycled mix design and the design of
the recycled pavement will greatly influence the choice of equipment. The
availability of equipment will also influence the selection of equipment
components for the recycling system. In many cases the presence or absence
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of one vital piece of equipment may influence the selection of the rest of
the system components.
Equipment selection charts, illustrated in Tables 3-1, 3-2 and 3-3 will
aid in the selection and formulation of the recycling system. Each chart
lists the general processes or operations associated with each form of recy-
cling. Corresponding to each process, is a list of process equipment and a
list of support equipment. The process equipment consists of those pieces
of machinery needed to perform the actual recycling operation. The support
equipment are those pieces of machinery needed to assist in the recycling
operation. Proper use of the charts will allow the required equipment to be
identified and, where applicable, will identify alternative machinery that
can be used. Where alternative choices exist, selection should be based on
the type of machine that best fits the project conditions (and/or the
contractor's access to the appropriate machine).
The component pieces of equipment required for surface recycling are
listed in Table 3-1. The selection of process and support equipment is
straightforward, since the choice is dictated by the general recycling
method identified by the recycling guidelines. However, it should be noted
that, in some instances, the need for some equipment is questioned. For
these particular cases, specific models of equipment or construction methods
will dictate whether the questioned equipment is needed.
Heater-planers, hot millers and cold millers that do not have an in-
tegral elevating conveyor system will require auxiliary equipment to remove
and load the planed or milled material. A separate distributor may be re-
quired for some heater-scarification processes if the heater-scarifier does
not have an integral additive system. Additional trimming equipment may be
needed for both hot and cold milling processes if the street being milled
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contains obstructions. Additional equipment, in the form of hand tools,
small milling or planing devices may be required to finish the milling
operation. Cold millers that do not have an integral water system (or those
with an inadequate system) may require the use of a water truck to wet the
pavement surface in advance of the milling operation.
The equipment required for central plant recycling is listed in Table
3-2. The choice of recycling processes, as well as the equipment required
to perform the processes, is more variable for central plant recycling than
for surface recycling. Several different process combinations can be chosen
to recycle pavements using central plant techniques.
Initially, a choice must be made as to the method of removing the ex-
isting pavement. Partial depth removal normally requires that some form of
milling operation be used. However, if cold milling is selected, no further
processing is normally required before the salvaged material is recycled.
However, if hot milling is used, some additional crushing may be required.
In either case, if the miller used does not have an integral material
elevating conveyor system, auxiliary Loading equipment will be required.
Removing the existing pavement, full depth requires that some form of
ripping or scarification device be used. The choice of the equipment will
depend on the existing pavement thickness and material integrity. Usually
plant mixed materials must be ripped, while other materials, particularly if
placed in thin lifts, can be scarified. Auxiliary equipment will be re-
quired to pick up, load and transport the ripped material if the loosened
material is to be crushed using central plant techniques.
The decision to use in-place crushing and pulverization equipment is
also dependent on the existing pavement thickness and material integrity.
Plant mixed materials will usually require the use of a traveling hammermill
119






















Tractor Wntd Ripper Central Plant CrushingC?!
Tractor Mntd Scarifier Scrapers




























for adequate crushing and pulverization.
Central plant crushing can be accomplished by any one (or any combina-
tion) of the crushers listed in Table 3-2. When the crushing operation is
located at a site other than the central plant recycling site, haul trucks
will be needed to transport the crushed material.
The process equipment listed for street operations ignores the prepara-
tion of the roadbed required before recycled paving operations takes place.
Equipment needed for these operations should be identified. An asphalt dis-
tributor may be required for prime or tack coats.
The equipment components required for in-place recycling are listed
Table 3-3. In-place recycling is the most variable of all recycling
methods, and as such, the choice of process and support equipment is subject
to many factors external to the actual recycling operations. Many different
combinations of equipment may be chosen to form the recycling system.
The choice of equipment to loosen and remove the existing pavement
depends on the thickness of the existing pavement layers, origin or type of
materials and material integrity. Pavements that are 2 inches or more in
thickness are normally plant mixed products and will require the use of
rippers or cold millers to remove the material. Rippers should be mounted
on tractors or motor graders of sufficient power to loosen high-type pave-
ment materials. The other removal equipment, listed in Table 3-3, is nor-
mally used on low-type pavements (multiple seal coats, mixed in-place ma-
terials, etc). Although rippers may be used on low type materials, larger
pieces may be generated than desired. The cold miller should be selected as
a removal tool if precise, partial depth removal is required or if precisely
sized pieces of salvaged material are required.
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The choice of crushing and pulverization equipment is a function of the
size of ripped material^ the material integrity, the origin or type of ma-
terial and the desired final gradation of the salvaged material. Rollers
are normally used in combination with other crushing equipment to perform
intermediate size reduction. Hammermills are usually required on plant
mixed materials that are placed in lifts greater than 2 inches in thickness,
although some large single shaft stabilizers may be used. Single shaft and
multi-shaft stabilizers may be used to crush relatively thin pavements
without initial loosening of the pavement. Certain chemicals may be used in
conjunction with any of the crushing methods listed to aid in crushing the
pavements.
The choice of mixing equipment is dependent on the type of binder to be
added, the type of recycled pavement that is to be constructed and the de-
gree of quality control of the recycled mix that is required. A motor
grader is normally chosen as a supplemental blending tool, although it may
be used as a primary mixing tool for recycled materials utilizing emulsions
or cutbacks. Single shaft stabilizers may be used to add, mix and disperse
liquid asphalt cements, although these machines are normally used to add ei-
ther emulsions or cutbacks. Additional mixing equipment may be required for
material aeration. An asphalt distributor may be required if the mixer
chosen does not have an integral additive system. An aggregate distributor
may be needed if new aggregate is to be incorporated in the recycled mix-
ture. A windrow former and/or sizer is required if the material is to be
mixed using a windrow mixer.
The use of an asphalt paver or mixer-paver to place the recycled ma-
terials requires auxiliary equipment (bucket loader or windrow elevator) to
pick up the recycled material and place it in the finishing machine.
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The choice of compaction equipment is dependent on the type of binder
that is employed in the recycled mixture. NormaLLy, some combination of two
or more roLLers wiLL be used.
Shaping and trimming may be required if the recycled pavement structure
is to receive a high type surface finish. If the trimmed material is not
incorporated in the recycled structure or pavement side slopes, auxiliary
equipment will be required to pick up and haul away the excess cuttings.
3.2 Evaluation of Anticipated Recycling System Performance
The specific recycling system selected for rehabilitation or recon-
struction should be evaluated for anticipated performance. The major areas





The recycling system rate of production is an important evaluator of
system performance. The system production rate controls the time required
to accomplish the recycling operations, and also influences a major portion
of the total recycling costs.
When calculating production rates, care must be taken to properly de-
fine the type of production that is being derived. Peak rate of production
only accounts for the net working time associated with the process opera-
tion, while average rate of production includes not only net working time,
but also normal delays, as well as Labor and machinery inefficiencies.
Average production should be used for recycling system evaluation for it
more effectively models actual project rates of production.
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NormaLLy, equipment and Labor inefficiencies are taken into account by
the use of efficiency hours or job efficiency factors. These factors are
used to derate the peak rate of production to average rate of production.
The normal range of these factors is from 60 to 90%, or from 40 to 55
minutes per hour, depending on actual job conditions and the types of labor
and machinery used.
Hot surface recycling production is normally calculated and measured in
square yards/hour. The forward working speed of the hot recycling unit, as
well as the processing width, determines the rate of hot surface recycling
production. Since heater-planing and heater-scarification is limited to re-
moving 3/4 inch (or less) of material, the thickness of the material pro-
cessed does not usually enter into the production calculations. Normally,
only planing or scarifying rates of production (surface area/unit of time)
are calculated. Major factors that will affect hot surface recycling pro-
duction are:
1. Climatic conditions - temperature, wind velocity, surface moisture
2. Amount of overlap of successive passes
3. Supply of new material for some heater-scarification processes
Hot milling production, because of greater depth of removal, should be cal-
culated or measured using volume rates of production (usually square yard-
inches per hour or cubic yards per hour). Depth per milling pass, as well
as the number of passes required will influence hot milling production. See
Section 7.2 (V.II) for actual production rates achieved on hot surface recy-
cling projects.
Cold surface recycling production is calculated or measured using a
milling rate of production (square yards/hour) or a volume rate of produc-
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tion (square yard-inches/hour, cubic yards/hour^ or tons/hour). The rate of
production is calculated based on forward milling speed, width of milling
operation and, in some cases, depth of removal. Many factors influence the
cold milling rate of production. These factors are:
1. Milling Power - Horsepower/inch of cutting width
2. Full Width versus partial width milling
3. Full depth versus partial depth milling
4. Pavement aggregate and associated tooth wear
5. Coordination of spoil hauling units and the cold miller*
See Section 7.3.2 (V.II) for detailed background information and actual
rates of cold surface production achieved on surface recycling projects.
Central plant recycling production is normally measured in tons per
hour. The central plant recycling system production is influenced by the
production of three system components: asphalt plant; haul trucks; and pav-
ing operations. The component that most influences recycling production is
the asphalt plant. Even though most central plant recycling is accomplished
using conventional (but modified) batch plants or drum mixers, the
manufacture's original rated production for the plant must be derated to re-
flect the recycling requirements and plant modifications. The need to recy-
cle salvaged pavement materials with minimal emissions has the greatest ef-
fect on asphalt plant production. The modifications that are incorporated
in drum mixers to prevent hydrocarbon emissions, as well as the high tem-
perature limits associated with batch plant operations, lead to a substan-
tial reduction in the original plant's production capability. Other factors
that should be taken into account when analyzing central plant recycling
*An excellent analysis of the many factors and their effects on cold
milling production can be found in a FHWA study "Milling Equipment Pro-
duction Efficiency Study on Pavement Planing Equipment" C113].
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production are:
1. Salvage asphalt/virgin aggregate blending ratios
2. Required discharge temperatures
3. Moisture added to the cold feed material to aid in controlling em-
issions
See Section 8.4 (V.II) for further amplification of central plant recycling
production.
The transportation of both the salvaged pavement material and the recy-
cled material can also influence central plant recycling system production.
Normally, sufficient salvaged material is transported, processed and stock-
piled in advance of the actual recycling operation so that haul units are
not a controlling factor on the input side of the system. However, the
proper balancing of trucks with the central plant recycling operations and
the paving operations is crucial. The proper number of trucks should be
selected so that paving production, hauling production and recycled mixing
production are in balance. Many factors affect the haul unit production,
but the major one is the distance that the plant is located from the pro-
ject. Truck cycle times must be accurately calculated if the proper number
of trucks needed to balance the system production is to be chosen.
Usually the paving operation can be varied to meet the central plant's
and the haul truck's rate of production. The most important factor is to
chose the proper forward speed of the asphalt finisher so that material is
always available to the paver, thus preventing stopping and starting of pav-
ing operations. Since the temperature of the recycled mix is normally lower
than conventional mixes, the choice of and the use of compaction equipment
will also influence system production.
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In-pLace recycling system production, more than any other recycling
method, is dependent on the component process rates of production. Although
individual component production rates can be readily calculated, the total
system rate of production is greatly influenced by the sequencing and over-
lapping of component processes. Each component process rate of production
(except the first) is dependent on the preceding process operation. Thus,
evaluation of total system production can be difficult.
Ripping production (normally measured in cubic yards/hour) can be cal-
culated based upon the forward (and reverse) working speed of the ripper, as
well as spacing between ripping passes. Factors that affect ripping produc-
tion are:
1. Pavement ripability
2. Tractor or grader power and gross weight
3. Number of ripper(s) or scarifying teeth employed
See Section 9.4.3.1 (V.II) for full amplification of ripping production.
Crushing and pulverization production is normally calculated and meas-
ured in cubic yards/hour. However, it is important that the type of cubic
yards, in-place or loose cubic yards, be properly identified and consistent-
ly used in the production calculation process. The variables that control
production are: the processing speed; the width or depth or the amount of
windrowed material processed per pass; and the number of passes required.
The desired final gradation, as well as the material quality, influences the
number of crushing passes needed. The wearability of stabilizer teeth and
hammermilL hammers will also have an effect on crushing production. See
Section 9.4.3.2 (V.II).
*See Caterpillar Handbook of Ripping C82] for techniques to relate pave-
ment ripability with production by means of sesmic velocity.
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Mixing production is nortnaLLy caLcuLated and measured in cubic
yards/hour or square yards/hour (for a given mixing depth). Mixing speedy
width and depth or windrow size and the number of mixing passes required
wiLL determine the basic rate of production. The type of binder added, the
need for new or salvaged aggregate and aeration requirements wiLL have a
Large effect on mixing production. See Section 9.4.3.3 (V.II).
Compaction production is related to recycled material mixing and Lay-
down production and is usually measured in square yards/hour. Working
speed, compaction width, amount of overlap and number of passes are the
basic parameters used to calculate production. The type of recycled materi-
al, the thickness of the recycled layer and whether vibratory compaction is
used will influence compaction production.
The total in-place system production can be calculated from the com-
ponent rates of production. More importantly, however, is the time required
by each individual system component to accomplish its particular process
operation.
3.2.2 Cost
The cost of producing the recycled pavement is another important
evaluator of system performance. All costs associated with recycling should
be identified and estimated. Recycling project costs can be classified into
one of the following categories: materials; labor; equipment; overhead and
profit. Profit and some overhead costs (general overhead) while important
in the bidding process and financial well being of the contractor, will not
normally be a part of the recycling performance evaluation. The recycling
costs that should be calculated are those direct costs that are related to
the recycling operations.
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The initiaL step in the cost estimation process is the determination of
the size of the recycled project. NormaLLy, the size of the project should
be measured in square yards, square yards-inches, cubic yards or tons.
The cost of all new materials to be incorporated in the recycled pro-
duct should be identified and estimated. Transportation and handling
charges should be included in the material cost estimate. Typical new ma-
terials that may be required for recycling operations are:
New binder and/or rejuvenating material
New aggregate
New hot mix asphalt concrete (required for some heater-
scarification processes)
Liquid asphalt for tack coats and prime coats
Surface treatments and virgin overlay materials
The appropriate quantities of these materials and their respective unit
prices should be estimated and used to determine total material costs.
The cost of all labor associated with the recycling project should be
identified and estimated. However, a majority of the labor needed for recy-
cling operations is associated with equipment operators, truck drivers and
other equipment support people (oilers, cold miller ground men, paver screed
operators, etc.). This type of labor cost is normally included as part of
the equipment cost. Project supervision and engineering staff is normally
included in the project overhead, which may or may not be used in the system
cost evaluation.
The major cost associated with recycling operations is equipment costs.
Recycling is an equipment intensive process and, as such, equipment
costs ($/HR) and production rates (CY/HR, TPH, etc.) are an extremely impor-
tant part of calculating total recycling system cost.
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Equipment used in the recycling process may be either rented^ Leased or
contractor owned. Estimating equipment costs when the machinery is rented
or Leased is quite easy, for the Lessor determines the hourLy charge. Nor-
mal Ly, deductions from the rental rate will be made if the contractor pro-
vides routine maintenance and servicing. Fuel costs and operator's wages
must be added to the basic rental rate.
When the equipment is contractor owned or if it is to be purchased, the
equipment owning and operating costs (0 and costs) should be calculated.
The components of the and costs, as well as a suggested procedure for
calculating and costs, are listed in Table 3-4. See Section 9.6.1
(V.II) for the cost of purchasing selected recycling equipment.
Equipment depreciation is a major part of owning costs. In order to
calculate the hourly depreciation charge, a depreciation period or service
life must be chosen. A useful guide to selecting an appropriate deprecia-
tion period can be found in numerous trade association publications, (e.g.
AASHTO [27]). The normal service life for most mobile recycling equipment
ranges from 5,000 to 10,000 hours.
The yearly cost of taxes, insurance, interest (cost of borrowing or
lost investment opportunity) and storage are usually calculated as a percen-
tage (10 to 20%) of the average yearly investment. The cost of tires should
be deducted from the ownership costs and included in the operating cost.
An estimate of general repair cost is usually based upon past experi-
ence with the specific type of machine. General repair costs are normally
calculated as a percentage of the hourly depreciation cost.
The cost of fuel is based upon the hourly rate of fuel consumption.
See Sections 7.2, 7.3.2.4, 8.5.2 and 9.7 (V.II) for reported fuel consump-
tion rates. If no historical data is available, fuel consumption can be
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T^hle 3-4 Owning and Operating Cost Calculation
OWNING COSTS
Depreciatton








Service Life - hours
Depreciation Method
Hourly Depreciation Charge
Taxes, Insurance, Interest, Storage
(Yearly Cost * Hours/Year
TOTAL OWNING COST - $/hr
OPERATING COSTS
^
Tire Cost - Tire Cost t Tire Life (hr)
Tire Repair Cost
General Repairs - Parts & Labor
Fuel Cost -gallons per hour X $/gallon
Service Cost - Oil, Lube, Filters
Hydraulic System - Fluid & Filters
Fast Wear Items - Installed cost f Service Life (hr)
Operator
TOTAL OPERATING COST - $/hr
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caLcuLated based on the machine's brake horsepower rating and duty cycle.
See Section 9.7 (V.II).
A major operating cost for most recycling equipment is the replacement
of fast wear items such as: milling teeth, hammers, stabilizer teeth, pug-
mill liners and paddles, cutting blades, wing blades and runners. The hour-
ly cost of these items is calculated based upon the service life of these
parts. See Section 9.5 (V.II) for some Limited service life details.
Equipment owning and operating costs or adjusted rental rates ($/hour),
when combined with equipment production (CY/HR, TPH, CY/HR, etc) can be used
to estimate the equipment cost of the recycling project in $/CY, $/Ton or
$/SY.
The total cost of the recycling project (materials, labor and equip-
ment) should be calculated. A unit cost for the entire project can be cal-
culated by dividing the total cost of the project by the project size. See
Sections 7.2.3.3, 7.3.2.3, 8.5.3 and 9.6 (V.II) for typical recycling pro-
ject unit costs.
3.2.3 Energy
The final evaluator of recycling system performance is energy consump-
tion. All energy demands associated with the production of the recycled
product should be identified. Energy required to manufacture and transport
new materials used in the recycled products should be calculated (see
Section 1.4.2). The fuel required to operate primary process and support
equipment should be estimated. See Sections 7.2, 7.3.2.4, 8.5.2 and 9.7
(V.II). The amount of energy consumed in the recycling process should be
converted into BTU and totaled for the entire project. A total recycling
system unit rate of energy consumption should be calculated. (Total project
energy consumption/project size.) See Sections 7.2.3.4, 7.3.2.4, 8.5.2, and
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9.7 (V.II).
The recycling system rate of production, unit cost and unit energy con-
sumption can be used to evaluate the performance of the recycling system.
These values will also be used to compare the recycling system to an
equivalent conventional reconstruction system.
3.3 Comparison of Recycling System and Conventional System
The system selected for recycling should be compared to the convention-
al rehabilitation alternative identified by the recycling guidelines. A
process similar to that used for the formulation and evaluation of the recy-
cling system should be used to generate the conventional rehabilitation sys-
tem. The same evaluators used to evaluate recycling system performance -
production, cost and energy consumption, should b' determined for the con-
ventional rehabilitation system. Since a considerable amount of experience
exists in this area, no formal procedures will be advanced for calculating
conventional system performance evaluators.
The performance of the two systems should be compared. The areas for
comparison are:




The area of comparison that is probably of most interest and carries
the greatest weight when choosing between two alternative systems, is cost.
An economic comparison should be made of the recycling system cost and the
conventional system cost. However, the analysis should not be limited to
comparing only initial costs. Since these alternatives will have different
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Lives and wiLL require different maintenance and rehabilitation actions dur-
ing their Life, the aLternatives shouLd be compared on a Life cycLe cost
basis.
Life cycLe Cvisting aLLows the totaL expenditures for initial rehabili-
tation or reconstruction and all maintenance actions taken during the Life
of the pavement to be converted to an equivalent annual cost (EAC). Thus,
alternative rehabilitation systems can be compared on an equivalent annual
cost basis even though each alternative has a different expected life.
The procedure for calculating the equivalent annual cost involves
selecting: 1. an analysis period; 2. choosing an interest rate or discount
rate; 3. determining unit costs for future mai^-'tenance actions; and 4.
determining the timing of future maintenance actions.
The choice of the analysis period is very important. Normally, the
analysis period will be related to the useful life of the pavement. Many
factors, such as forecast traffic volumes, future operating conditions and
obsolescence enter into the selection of the useful life and make the choice
a judgmental decision. Twenty years will be selected as the analysis period
for this analysis of rehabilitation alternatives.
The interest rate or discount rate to be used in the analysis is relat-
ed to the cost of borrowing money in the private and public sectors of the
money market, as well as the risk and uncertainty associated with the in-
vestment. A reasonable range of interest rates for public works (however,
greatly influenced by current economic conditions) might be 8 to 10 percent.
Data for interest rates of 8 and 10% is provided for this analysis.
The initial pavement rehabilitation or reconstruction unit cost, as
well as required future maintenance unit costs, should be determined. All
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cost should be expressed in terms of the same unit (normaLLy SY), and the
future maintenance cost should be in terms of present day costs (no correc-
tion for inflation is used).
Finally, the timing of the future maintenance operations should be
determined. Routine maintenance (eg. crack sealing, etc.) can be considered
to occur periodically throughout the analysis period for either rehabilita-
tion alternative. However, the expected service life of the initial reha-
bilitation operation will vary according to the method selected for pavement
rehabilitation. At the end of this service life, heavy maintenance or
reconstruction will be required to once again rehabilitate the pavement.
Service life data for recycling alternatives is quite limited. A review of
the recycling literature provides some insight (which should be reinforced
with actual performance data) into the choice of a recycling system service
life. In general, the service life of recycled materials can be considered
to be:
Surface Recycling - 4 to 8 years
Central Plant recycling - 10 to 20 years
In-place Recycling - 10 to 15 years
Local experience with conventional rehabilitation methods should be used to
determine the conventional system's service life.
The mechanics of calculating the equivalent annual cost involves con-
verting all future costs into equivalent present costs, and then expressing
the sum of all equivalent present costs in terms of a uniform series of an-
nual costs distributed over the analysis period.
The equivalent present value of future maintenance action is calculated
by multiplying each maintenance cost by the appropriate single pavement
present worth factor (SPPWF)
. The SPPWF is obtained from Table 3-5 using
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the interest rate (i) selected for the analysis and time (n) in the future
when the maintenance action will occur. The present value of all mainte-
nance actions are totaled and the sum is added to the initial rehabilitation
or reconstruction cost. The resultant sum is the total present value of all
costs to be incurred during the analysis period (n) . The equivalent annual
cost (EAC) is calculated by multiplying the total present value of all costs
by the appropriate capital recovery factor (CRF). The CRF is obtained from
Table 3-5 using the analysis interest rate (i) and the analysis period (n)
.
A detailed explanation of the economic analysis procedure is contained in
"The Annual cost of Pavements" C72] or Principles of Pavement Design C241].
The equivalent annual cost for each rehabilitation alternative should
be computed and compared using this procedure. The alternative with the
lower EAC is the economically desirable rehabilitation alternative.
3.3.2 Energy
With the recent awareness and concern in this country of the energy si-
tuation, the use of rehabilitation system energy consumption can be an im-
portant tool for comparing recycling and conventional rehabilitation alter-
natives. A unit rate of energy consumption should be calculated for the
conventional rehabilitation alternative in much the same manner as it was
for the recycling system. Both rates should be based on the same unit meas-
urement. The preferred unit for measuring energy consumption is the BTU/SY
of road surface.
Although the selection of the rehabilitation system is not totally
dependent on the magnitude and favorable/unfavorable advantage of the
difference between the two systems, the difference can play a major part in
influencing the choice of a rehabilitation system.
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Table 3-5 Compound Interest Factors
Single Payment
for 8 and 10 Percent
Present Worth Factor (SPPHF)
. i .=. .B%
. i - 10%
Captial Recovery Factor (CRF)
n i = 8% i = 10% n




. ,794 .751 ,388 ,402 3
4 .735 .£83 ,302 .316 4
5 .681 .621 ,250 .264 5
6 .63Q .564 ,216 .230 6



























Finally, a subjective analysis should be made of the environmental ram-
ifications of each alternative. Factors to consider are:
1. Reuse of non-renewable resources
2. Elimination of disposal problems
3. Generation of pollutants (either through recycling or conventional
techniques)
Although no quantitative measurement can be assigned to these conditions,
each can have an influence on the selection of the appropriate alternative.
The previously outlined procedure of comparing alternatives on the
basis of cost (initial and life cycle), energy consumption and environment
considerations will allow the prudent selection of an appropriate rehabili-
tation system based on sound engineering judgment and analysis.
3 . 4 Pre-Job Analysis
Prior to the start of actual recycling construction operations, the to-
tal project should be fully analyzed. The contractor and the owning agency
should be aware of the type, quantities and variability of the existing
pavement materials that are to be recycled. A determination (if not previ-
ously known) should be made of the variability to be expected in producing
the recycled product. The pre-job analysis should also identify potential
problem areas in advance of actual occurrence during field recycling opera-
tions. Identification of these problem areas should reduce or eliminate
their effect on actual project performance.
The pre-job analysis should also focus on project management considera-
tions. Such items as scheduling of recycling operations, size of work seg-
ments and handling of anticipated traffic should be addressed and analyzed
well in advance of the actual construction operations. The intent of the
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pre-job analysis is to pLan the recycling work so that actual field con-
struction operations are efficiently conducted and a quality product is pro-
duced at an economical cost.
3.4.1 Variability
The material test program of the recycling guidelines should provide a
reasonable level of information regarding the existing pavement. The pro-
gram should identify the types and characteristics of the materials in the
existing pavements, as well as the variability associated with these materi-
als, as they presently exist in the field. It is very important that the
variability of the existing pavement be identified in advance of actual re-
cycling operations. The variability of the thickness of the existing bi-
tuminous concrete layers, of the asphalt content of the -naterial to be recy-
cled, and of the gradation of the aggregate, both within the bituminous con-
crete and the granular base (if it is to be used in the recycling opera-
tion), will seriously affect the quality of the final product.
The variability of individual recycled products must also be determined
if the recycling operations are to be properly controlled. The variability
normally associated with the recycled product can be used to control the
quality of the recycling operation. Many tests are normally conducted on
materials while they are being constructed. Usually, the tests only indi-
cate whether the process is or is not in compliance with specifications.
Normally, corrective actions are taken only after the product is out of com-
pliance with the specifications. With the use of product variability, a
trend toward non-compliance can be identified and corrected before the pro-
duct actually goes out of compliance with the specifications.
A determination of normal or expected product variation should be made
if field tests are to be used to properly control recycling operations.
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Much has been written regarding the variation associated with conventional
asphalt construction procedures C44,77^241]. However, very little informa-
tion has been compiled regarding various recycled product or recycle pro-
cessing variation. Thus, before the actual recycling can be controlled, an
analysis of the variability to be expected during recycling must be conduct-
ed. This poses a problem, for the operations will have to be sampled and
variability measured before any operation control can be developed. In some
cases, data from conventional asphalt construction practices may be used to
estimate recycling variability [77,241]. In other cases, recycling opera-
tions are different enough from conventional methods that a new determina-
tion of variability must be made.
An adequate number of random samples of the recycled product should be
obtained and tested to properly evaluate recycling operation variability.
Data from at Least 20 to 25 samples should be collected. The Location of
the sampling points should be randomly selected. The statistics that should
be determined for each process evaluated are the average (X) of the test
measurements, the range (R) of the test measurements and the standard devia-
tion (a) of the test measurements.
Recycling operations that should be investigated for product variabili-
ty are: crushing operations; mixing operations; and compaction operations.
The test variable that is normally used to control the crushing process is
the percent of material passing (or retained) on a given sieve size. The
amount of material greater than the maximum allowable size is of particular
importance, as is the amount of material passing the number 200 sieve. The
statistics (X, R and a) associated with each crushing method employed should
be determined to evaluate normal cushing variability.
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The test variables that are normaLLy used to control the mixing process
are: the amount of new binder added, the amount of rejuvenating material
added and the amount of new or salvaged aggregate added. Normal process
statistics should be determined for each of these test variables. Ob-
viously, different forms of recycling will result in vastly different mixing
variation statistics. The amount of asphalt cement and/or rejuvenator added
to the recycled product is the most critical operation in the recycling pro-
cess. The variability of this operation should be carefully determined.
Finally, the variability of the compaction operation should be deter-
mined. Compaction is normally measured in terms of percent of optimal com-
paction or pounds per cubic foot. Depending upon the type of recycled ma-
terial produced and the method of achieving compaction, the average, range
and standard deviation of the normal compaction process should be deter-
mined.
3.4.2 Control Charts
The control chart is a tool that can be used to show cumulative trends
in recycling operations, as well as identifying times when the operation is
being conducted outside of acceptable performance standards. The control
chart provides a means to anticipate and correct causes that tend to promote
ie
the production of an unacceptable product.
The use of the control charts for recycling operations will usually
forewarn the contractor and the owning agency that undesirable trends may be
developing and help to decide when to take corrective action, and when not
to take corrective action. Although large changes in the process can be
*An excellent discussion regarding the construction and use of control
charts is contained in Quality Assurance in Highway Construction pub-
lished by the Research and Development Office - Bureau of Public Roads,
1969.
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easily detected, successive smaLL changes are not easy to detect. The con-
trol chart will highlight these trends and allow the process to be returned
to proper control.
3.4.3 Potential Problem Areas
An important part of the pre-job analysis is an assessment of potential
recycling problems. An intuitive process, based on past experience, is used
to assess potential problem areas for conventional rehabilitation alterna-
tives. However, with the general lack of recycling experience possessed by
most contractors and highway agencies, some form of additional or supplemen-
tal information is needed to properly analyze the initial recycling jobs at-
tempted.
The information contained within Tables 3-6, 'S-1 and 3-8 is an attempt
to identify (by no means a complete listing) some of the major areas where
problems might arise during recycling operations. Problems that might be
expected to develop during the recycling operation are listed for each major
form of recycling. Corresponding to each problem are one or more appropri-
ate responses or items that should be considered to solve or mitigate the
problems. By examining the appropriate table, it is possible to anticipate
problems that might be encountered on a specific job and to take appropriate
corrective or preventative actions. Even if it is impossible to prevent the
problem from occurring, pre-identif ication will allow the contractor or
highway agency to respond quickly with the appropriate corrective measure
when the problem does occur.
Some of the problems listed in the tables are dependent on the method
or equipment chosen to accomplish the recycling, while others are based upon
the manner in which the operation is conducted or how the equipment is
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tuaL construction wiLL aLLow an intelligent decision to be made as to how
the project should be planned and the recycling operations conducted. After
some experience with recycling asphalt pavements, this process will become
as instinctive for recycling work as it is for conventional work.
3.4.4 Project Management Decisions
Finally, the pre-job analysis should focus on project management deci-
sions that can affect the manner in which the recycling is accomplished.
The scheduling of recycling activities, the size of the project segments to
be processed at one time and the handling of traffic during recycling are
all interrelated factors that should be planned in advance of actual recy-
cling operations.
The scheduling of recycling work activities involves two different
scheduling concepts. One scheduling consideration involves the choice of
the actual time of the year when the recycling operation can take place.
All recycling methods, with the exception of cold milling, require minimum
climatic conditions (usually temperature and the absence of moisture) for
successful process execution. This is not really any different than season-
al restrictions normally placed on conventional methods. In general, those
climatic restrictions placed on conventional construction methods would be
an appropriate guide for the seasonal restrictions for an equivalent recy-
cling method, (e.g. hot mix restrictions for central plant recycling; road
mix or stabilized base restrictions for in-place recycling).
The other scheduling consideration is the coordination of the individu-
al recycling operations and all support processes that make up the recycling
system. The interdependence of individual recycling operations should be
thoroughly understood. Requisite predecessor and successor operations, as
well as concurrent support processes, should be identified for each recy-
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cLing operation. These operations and processes should be planned and
scheduled so that the project runs smoothly without any avoidable disrup-
tions.
The operations and processes that should be planned and scheduled for
hot surface recycling are such items as:
1. Sweeping and other street preparation activities
2. Location and/or adjustment of street appurtenances
3. Timely supply of hot mix for heater-scarification and overlay
processes
4. Compaction at the proper time
5. Coordination of pickup and transportation of planed or milled ma-
terial
The items that should be planned and scheduled for cold surface recycling
are:
1. Water for dust suppression
2. Location and/or adjustment of street appurtenances
3. Regularly scheduled versus actual wear replacement of milling teeth
4. Coordination of pickup and transportation of milling tailings
5. Street sweeping and overlay operations
The scheduling considerations for central plant recycling are:
1. Coordination of removal and crushing operations
2. Coordination of crushing and mixing operations
3. Timely supply of uncoated aggregate (salvaged or virgin) for mixing
operations
4. Base preparation and roadway improvements completed before recycle
mixture laydown
5. Matching of mixing, laydown and compaction production
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6. Coordination of haul units for both initial salvaging operations
and final recycled product
The scheduling considerations for in-place recycling are:
1. Coordination of ripping and crushing operations with mixing opera-
tions
2. Timely supply of water for mixing and/or crushing
3. Timely supply of binder for mixing
4. Timely supply of new aggregate for mixing
5. Proper timing of compaction operations
6. Coordination of recycled material curing with overlay operations
All of these scheduling considerations, as well as many operations peculiar
to the specific recycling project, must be coordinated for a successful re-
cycling job.
Prior to the start of actual recycling operations, a decision regarding
the physical size of the work segments should be made. This decision is
closely related to traffic handling considerations. Basically, the decision
must be made whether to totally exclude traffic from the construction area
or to conduct the recycling operations "under traffic". Total exclusion of
traffic allows the greatest flexibility in choosing the size of work seg-
ments. The work segments can be selected to optimize recycling system per-
formance. However, in many cases, the choice of excluding traffic from the
construction area is not allowed. Therefore, the choice of work segment
size must not only consider efficiency of recycling operations, but also
compatability of recycling operations with traffic.
The choice of segment size is also highly dependent on the method of
recycling employed. Hot and cold surface recycling normally processes the
pavement one Lane at a time. Since few support activities or auxiliary
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operations are required, onLy the immediate area in front of and behind the
recycling operations is affected. Central plant and in-pLace recycling
depend on several highly interrelated recycling operations which normally
require that the recycling operations be limited to one or two sections at a
time. Normally, the size of the segments selected for central plant recy-
cling is fairly large, due to the need to process and recycle the salvaged
material away from the construction site. The size of in-place recycling
segments is usually much smaller. The normal size of in-place recycling
segments is limited to approximately one day's mixing production, (mainly
attributable to atmospheric moisture conditions).
The environmental location of the pavement will also influence the
choice of segment size. The segment size for recycling work in urban areas
is normally much smaller (several blocks) than the siiie for rural recycling
operations.
Finally, the maintenance of traffic should be carefully planned. Han-
dling of traffic while recycling operations are being conducted is a major
component of total recycling system cost. Not only must people and equip-
ment be obtained to handle the traffic, but the traffic control must be
coordinated with the recycling operations.
Control of traffic during surface recycling operations is not much of a
problem because the pavement is normally recycled one lane at a time, and
only a relatively short segment of the lane is affected. Traffic is normal-
ly diverted to an adjacent lane or shoulder in the immediate area of the re-
cycling activities. Immediately after the recycling process is completed,
traffic may be allowed back on the recycled surface.
Handling of traffic during central plant operations poses many prob-
lems. Ideally, traffic should be eliminated from the construction area.
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PracticaLLy, the traffic is normaUy detoured or routed onto adjacent Lanes.
If the pavement that is being recycled is a divided highway, two way traffic
can be established on one side of the highway while recycling activities
take place on the other side. Two Lane highways that are recycled can use
the shoulder to carry one Lane of traffic. Alternatively, the Lane not be-
ing recycled may be used to carry, alternately, both directions of traffic.
Since central plant recycling operations normally require that the pavement
be reconstructed over a moderate to long period of time, physical barriers
separating construction activities and traffic may be required,
In-place recycling, because of the nature of the ripping and crushing
operations, is normally conducted as a full width operation, recycling all
traffic lanes at a time. However, since rain has gn adverse effect on sal-
vaging and mixing operations, the work segments are usually limited to a re-
latively short length (1000 to 2000 feet or several city blocks). A Low
volume of slow speed traffic may be allowed on the pavement while recycling
operations are being conducted. However, problems should be anticipated.
Crushed material should be bladed and roughly graded before traffic is al-
lowed on the material. Speeds should be held down to prevent loose material
from being kicked up. Problems should be anticipated with traffic bringing
excess fines into the crushed materials. In some cases, where the crushed
material is to be left open to traffic at night, some compactive effort
should be applied to the crushed material at the end of the work day.
Traffic can be allowed on the recycled material after mixing and initial
compaction is completed. In fact, some traffic on the structure during this
curing period (before an overlay or surface treatment is applied) may be




Finally, a set of specifications should be developed to insure that the
recycling work is properly executed and a quality product is achieved.
Guide specifications have been formulated for specific recycling methods.
The guide specifications are intended to supplement and/or to provide input
so that existing transportation agency specifications can be revised. Guide
specifications are provided for the following recycling methods:
*The guide specifications were synthesized by the writer utilizing
numerous recycling specifications written by equipment manufacturers,
trade associations and transportation agencies.
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1. Heater-PLaner and Hot MiLLing
2. Heater-Scarification
3. CoLd MiLLing
4. CentraL PLant RecycLing
5. In-pLace RecycLing
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3.5.1 Guide Specifications for Heater-PLaning and Hot Milling
Description : This item shall consist of planing or leveling an existing
pavement by removing existing irregularities until a smooth surface is pro-
duced. If indicated, the pavement shall be cut to a predetermined grade or
cross-section as indicated in the plans and specifications or as directed by
the Engineer. The planed and finished surface shall be free from gouges,
grooves, ridges, sooting, oil film and other imperfections of workmanship.
Operations shall be planned so as to be safe as possible for persons and
properties adjacent to the work. The route (will) (will not) be kept open
to traffic during construction.
Materials ; No additional materials will be utilized.
Equipment ; The heater-planer or hot milling machine shall be of the type
specifically designed and built exclusively for planing or milling a pave-
ment. The equipment shall have a record of successful operation on work
comparable to that proposed to be done under this contract. The equipment
shall be self-propelled and have in combination the means for heating and
planing or milling the surface to a predetermined grade. The machine shall
be capable of blading the cuttings into one windrow beneath the machine from
which they may be picked up. The equipment shall meet the standards of the
applicable State and Federal air pollution control laws.
Heater-planer units shall consist of burners of a type specially
designed for the purpose and capable of producing a minimum of 10 million
BTUh. The heat shall be applied under an enclosure or shielded hood. The
heating and cutting width of the machine shall be the same and shall not be
Less than eight feet. The machine shall be capable of covering a minimum of
1500 square yards per hour while heating and removing a minimum of 1/4 to
1/2 inch of the existing pavement per pass.
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Hot miLLing units shall consist of a cutting drum with replaceable
bits, teeth or edges. Drum lacing patterns may permit a grooved or smooth
surface finish, as selected by the Engineer. The machine shall be capable
of operating at speeds from 5 to 50 feet per minute and designed to cut to
3 inches deep to predetermined grade in a single pass.
Construction ; The temperature at which the work is performed, the nature
and condition of the equipment, and the manner of performing the work shall
be such that the pavement is not torn, gouged, shoved, broken, oil coated,
burned or otherwise injured by planing or milling operations. The surface
temperature of the old pavement shall not be heated in excess of 400 °F.
Sufficient passes, or cuts, shall be made such that all irregularities or
high spots are eliminated and that 100% of the surface area has been planed
to the desired grade or to the satisfaction of the Engineer. The finished
surface shall not vary more than 1/4 of an inch when tested with a ten foot
straight edge.
Where the pavement is to be resurfaced, a one inch header shall be cut
along the gutter to obviate the necessity of feathering the edge of the new
surface.
The contractor shall provide all necessary labor, materials and equip-
ment to load the asphalt and aggregate cuttings into dump trucks supplied
and operated by the owner, (alternatively this could be changed to: into
sufficient dump trucks supplied by him and hauled to a disposal area
designed by the Engineer.) A standardized self-propelled street sweeper
should be utilized so that no loose material shall remain on the street at
the end of each work period.
The operation shall be conducted so as to prevent damage to trees and
shrubs. Parkway trees may be protected from heat damage by individual
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shielding and/or water spray, as deemed practical by the Engineer.
Heater-pLaning and hot miLLing shaLL be performed only when the air
temperature is above 45 °F, as measured in the shade.
Measurement : AsphaLtic pavement planing and miLLing performed and completed
to these specifications shaLL be measured by the Square Yard.
Payment : Payment for planing or milling will be made at the contract unit
price per Square Yard. The unit price shall include all labor, equipment,
materials, supplies, mobilization, bond and insurance for planing or milling
pavement. Price bid per Square Yard (will) (will not) include necessary
traffic control.
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3.5.2 Guide Specifications for Heater-Scarification
Description ; The work shaLL be part of a muLti-step process of asphalt sur-
face rehabilitation that consists of softening the existing flexible pave-
ment with heat and thoroughly stirring or tumbling the mixture; applying an
asphalt rejuvenating agent, as required; and placing a surface treatment or
overlay, as required. Operations shall be planned so as to be safe as pos-
sible for persons and properties adjacent to the work, including the travel-
ing public. The route (will) (will not) be kept open to traffic during con-
struction.
Materials : Recycling Modifier - The asphalt modifier shall be specified by
the Engineer prior to the letting of the contract and shall conform to the
Contracting Agency's Standard Specifications for Recycling Modifiers.
Asphalt - The type and grade of asphalt cement for the seal coat and/or
asphalt concrete shall be specified by the Engineer prior to the letting and
shall conform to the Contracting Agency's Standard Specifications for As-
phalt Cements.
Aggregates - The type and grade of aggregate for the seal coat and/or
asphalt concrete shall be specified by the Engineer prior to the letting and
shall conform to the Contracting Agency's Standard Specifications for Aggre-
gates.
Asphalt Concrete - The mix for the asphalt concrete shall be designed
and produced in accordance with the Contracting Agency's Standard Specifica-
tions for Asphalt Concrete.
Equipment : Heater-Scarifier - The equipment used for heating and scarifying
shall be a self-contained, self-propelled unit specifically designed for
this purpose. The equipment shall have a record of successful operation on
work comparable to that proposed to be done under this contract. The heat-
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ing unit shaLL consist of burners of a type specificaLLy designed for the
purpose and capable of producing a minimum of 10 miLLion BTUh. Heat shaLL
be applied under an enclosed or shielded hood. The heating and scarifying
width should be the same and shall not be less than eight feet. The scari-
fying unit shall consist of pressure activated teeth, rakes, or scarifiers
capable of scarifying to a minimum depth of 3/4 inch or as specified by the
Engineer. The machine shall be capable of heating and scarifying a minimum
of 1000 square yards per hour. The equipment shall meet the standards of
the State and Federal air pollution control laws. A screed or leveling dev-
ice shall be provided and shall be capable of distributing the heated and
processed material over the width being processed so as to produce a uniform
cross-section. The leveling device shall have the capability of windrowing
excess material to one side for removal when necessary.
Distributor - The equipment used for applying the rejuvenating agent or
asphalt shall conform to the Contracting Agency's Standard Specifications
for Bituminous Distributors and shall be capable of applying a continuous
and uniform application. The distributor may be an integral part of the
heater-scarifier or may be a separate piece of equipment.
Rollers - A smooth tread pneumatic tired roller or steel wheel roller,
conforming to the Contracting Agency's Standard Specifications for Rollers
should be used to compact heater-scarified mixes. The roller should be in a
range of 10 to 12 tons, gross weight.
Construction : Surface Preparation - The pavement surface to be heater-
scarified shall be cleaned of trash, debris, earth or other deleterious sub-
stances.
Heater-Scarification - The pavement surface shall be evenly heated and
remixed to a depth of between .05 to .07 feet (or as specified by the En-
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gineer) by a continuously moving heater-scarifier. At Least 90% of the ag-
gregate shall be remixed by spinning or tumbling. The surface temperature
of the existing pavement shall not exceed 400 °F during heating. Heater-
scarified material shall have a temperature in a range between 200 to 260°F,
measured immediately behind the heater-scarifier. The remixed layer shall
be uniformly and evenly heated throughout. No uncontrolled heating, causing
differential softening of the upper surface, will be permitted. The asphalt
binder shall not be carbonized in excess of .10 percent. When a heater-
scarification pass is being made adjacent to a previously placed mat, the
longitudinal joint shall extend at least 2 inches into the previously placed
mat.
Leveling - Following heater-scarification and prior to overlay instal-
lation, the scarified material shall be uniformly distributed to the desired
longitudinal and transverse section by the use of a leveling device. The
minimum temperature of the material as it leaves the leveling device shall
be 175 °F.
Application of Recycling Modifier - The application of the recycling
modifier (if needed) shall be determined by the Engineer. The recycling
modifier may be applied to the existing pavement in advance of heater-
scarification. (Note: Alternatively, the recycling modifier may be applied
to the heater-scarification material immediately following scarification.)
(Note: Alternatively, the recycling modifier may be applied immediately
following leveling of the heater-scarified material, but in advance of new
material overlay.) The timing, type and amount of recycling modifier shall
be determined by the Engineer. Overlapping applications of the recycling
modifier or leaking of the distributor spray bar will not be allowed.
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Overlay - CLoseLy foLLowing and within five minutes after Leveling the
scarified mat and before the mat temperature drops below ISCf, a uniform
layer of new surface course material (if required) shall be applied by a vi-
bratory screed or strike-off assembly in accordance with the Contracting
Agency's Standard Specifications for Placement of Wearing Courses. (Note:
Alternatively, the new asphalt concrete may be mixed with the old scarified
pavement, distributed and leveled utilizing a special type heater-
scarifier.) The type and amount of asphalt concrete shall be indicated in
the plans and specifications or specified by the Engineer.
Compaction - Immediately following the placement of the new material
overlay (if required), the pavement shall be compacted with an approved
roller. A minimum of two passes shall be made. Additional passes may be
made at the direction of the Engineer. (Note: Where a new material overlay
is not used, compaction shall immediately follow the placement and Leveling
of the heater-scarified material.)
Weather Limitations - Heater-Scarification shall be performed only when
the weather is dry and there is no free water on the pavement. Heater-
scarification shall be performed only when the air temperature, as measured
in the shade, is above 50°F.
Measurement ; Asphalt heater-scarification performed and completed to the
specifications above shall be measured by the Square Yard, the recycling
modifier by the Gallon applied and the bituminous concrete by the Ton ap-
plied.
Payment : Unit prices shall include all labor, equipment, materials, sup-
plies, mobilization, bond and insurance to complete each item. Payment for:
heating and scarifying will be made at the price bid per Square Yard; recy-
cling modifier will be made at the price bid per Gallon; bituminous concrete
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wiLL be made at the price bid per Ton. The price bid (wiLL) (wiLL not) in-
clude necessary traffic control.
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3.5.3 Guide Specifications for CoLd Milling
Description : This item shall consist of improving the profile, cross-slope
and surface texture of an existing asphalt concrete pavement and removing
excess bituminous material to the depths indicated on the plans and the re-
moval and disposal or stockpiling of the removed materials at the locations
designated on the plans or specified by the Engineer. The milled surface
shall provide a smooth riding surface free from gouges, continuous grooves,
ridges and other surface imperfections of workmanship and shall have a uni-
form textured appearance. Operations shall be planned so as to be safe as
possible for persons and properties adjacent to the work. The route (will)
(will not) be kept open to traffic during construction.
Materials ; No additional materials will be utilized.
Equipment : The equipment for profiling, texturizing and removing the bi-
tuminous surface material shall be a power operated, self-propelled milling
machine capable of removing, in one pass, a thickness of asphalt concrete
necessary to provide profile, cross-slope and desired texture uniformly
across the entire pavement surface. The machine shall be capable of remov-
ing a layer of bituminous material 5 feet in width and 3 inches in depth.
The equipment shall be capable of accurately establishing profile grades
within +1/8 inch by referencing from either the existing pavement or from an
independent grade control and shall have a positive means for controlling
cross-slope elevations. The machine shall be capable of variable milling
speed up to 50 feet per minute. The equipment shall also have an effective
means for removing excess material from the surface and for preventing any
dust, resulting from the operation, from escaping into the air. The equip-
ment shall have a record of successful operation on work comparable to that
proposed to be done under this contract. The equipment shall meet the stan-
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dards of the State and Federal air poLLution control laws.
Construction ; The bituminous surface shall be removed to the depth, width,
grade and cross-section as shown on the plans or as directed by the En-
gineer. The asphaltic concrete material shall be removed to within 3 inches
of curbs, drain castings and utility covers, and the remaining asphaltic
concrete material shall be removed by other methods acceptable to the En-
gineer. The equipment operations shall be confined to one traffic lane, in
so far as possible. Transverse faces that are present at the end of a work-
ing period shall be tapered in a manner approved by the Engineer to avoid
creating a hazard for traffic. Excess material resulting from the operation
shall be removed and disposed of as specified in standaid specifications.
The contractor shall provide all necessary Labor, materials and equipment to
Load the asphalt and aggregate cuttings into dump trucks supplied and
operated by the owner. (Note: Alternatively, into sufficient dump trucks
supplied by him and hauled to a disposal area designated by the Engineer.) A
standard self-propelled street sweeper shall be utilized so that no Loose
material shall remain on the street at the end of each work period.
Measurement : Asphaltic pavement milling performed and completed according
to these specifications will be measured by area in Square Yards for each 2
inch increment removed. Fractional increments of 1 inch or Less will be
measured by area in Square Yards.
Payment ; Payment for milling 1 inch increments shall be made at the con-
tract unit price per Square Yard. Payment for milling 2 inch increments
shall be made at the contract unit price per Square Yard. The unit price
shall include all labor, equipment, materials, supplies, mobilization, bond
and insurance for milling of pavement and loading asphalt and aggregate cut-
tings into sufficient dump trucks supplied and operated by (owner) (contrac-
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tor). The price bid per square yard (wiLL) (wiLL not) incLude necessary
traffic control.
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3.5.4 Guide Specifications for CentraL PLant Recycling
Description : This work shaLL consist of removing a designated depth of the
existing bituminous pavement, hauling to a designated plant site, sizing the
removed material and stockpiling the material. The material shall then be
processed (hot) in a mixing plant with additional materials (as required) to
required temperature. The material shall then be placed and compacted on
the prepared roadway base course in reasonably close conformity with the
Lines, grades, thicknesses and typical cross-sections shown on the plans or
established by the Engineer.
Materials : Salvaged Asphaltic Concrete - The salvaged asphaltic concrete
shall be processed in such a manner as to provide a reasonably uniform gra-
dation from fine to coarse and to provide a maximuiTi particle size of 1-1/2
inch in the salvaged asphaltic concrete, and/or a maximum size which will
assure that no particles in the final recycled bituminous mixture will be
retained on a 1 inch sieve. Mixtures containing road tar as the binding
agent shall not be permitted. Also, the salvaged asphaltic concrete shall
be free of deleterious or objectionable materials.
Salvaged Base Course Aggregate - For aggregate materials salvaged under
this contract and used in the recycled mixture only the quality and maximum
size provisions of the Contracting Agency's Standard Specifications for Ag-
gregates shall apply. Also, the gradation of the salvaged aggregate materi-
al shall be reasonably uniform from fine to coarse.
Virgin Aggregate - The virgin aggregate used in the recycled mixture
shall meet the gradation and quality requirements of the Contracting
Agency's Standard Specifications for Mineral Aggregates.
Bituminous Materials - The type and grade of asphalt material for the
mixture shall be designated by the Engineer and shall conform to the Con-
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tracting Agency's Standard Specifications for Bituminous Materials.
Asphalt Modifier - The asphalt modifier shall be what is commonly
called a softening agent, flux oil, rejuvenating agent or soft asphalt ce-
ment and shall conform the Contracting Agency's Special Specifications for
Modifying Agents.
Recycled Mixture - The recycled mixture shall be an intimate mixture of
salvaged asphaltic concrete, salvaged base course aggregate (as required),
additional bituminous materials and asphalt modifier (as required). The
gradation and combination of materials will be specified on the plans and
will include an asphalt cement and/or an asphalt modifier. The type and
grade will be as specified by the Engineer. The exact proportions of
mineral aggregates, salvaged materials, asphalt and asphalt modifier shall
be regulated as directed by the Engineer. A job mix formula for the recy-
cled bituminous mixture will be issued by the Engineer. The job mix formula
designated by the Engineer shall be within the following tolerances:
Rate of aggregate feed +^5%
Percent aggregate passing the 1/2 inch sieve +8%
Percent aggregate passing the no. 8 sieve +6%
Percent aggregate passing the no. 200 sieve +3%
Bituminous material added +0.3%
Asphalt modifier added +0.3%
Equipment : The equipment shall include: 1. one or more asphalt heating and
mixing plants designed to produce a uniform recycled mixture within the job
mix tolerances; 2. one or more self-propelled pavers capable of spreading
the recycled mixture to the thickness and width specified, true to line,
grade and crown shown on the plans or specified by the Engineer; 3. enough
smooth bed hauling trucks to ensure orderly and continuous paving opera-
tions; 4. one or more steel wheel, pneumatic tired or vibratory rollers ca-
pable of obtaining the required density and smoothness; 5. hand tools neces-
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sary to complete the job. Other equipment may be used in addition to, or in
Lieu of, the specified equipment when approved by the Engineer.
Mixing Plant - The mixing plant shall be of a type that will produce
the required mixture set forth in the contract plans and as directed by the
Engineer. Mixing plants may be either the standard weight batching type or
the dryer drum type, as Long as they are equipped with proper proportioning
and weighing mechanisms, satisfactory conveyors, power units, aggregate han-
dling equipment, hot aggregate bins (if required) and pollution control dev-
ices. The plant shall be capable of complying with all applicable State and
Federal air quality standards.
Construction : Removal of Existing Pavement - The existing bituminous pave-
t shall be removed to a depth, line and grade as shown on the plans and
established by the Engineer. The existing bituminous pavement shall be re-
ed in such a manner as to prevent unnecessary intermixing of underlying
aterials and damage to underlying pavement courses. The bituminous pave-
t shall be broken to a size that is convenient to load and haul to a cen-
tral crushing site.
Crushing and Stockpiling - The bituminous material removed for recy-
cling shall be crushed in a closed cycle system so that 95% of the material
shall have a least dimension of 1-1/2 inches. (Note: Existing bituminous
pavement materials may be removed by approved cold milling equipment which
may obviate the need for further crushing and processing.) The material
shall be passed through a 2 inch scalping screen prior to the material being
introduced into the mixing plant. During the crushing operation, the coarse
aggregate (+ #4 material) and fine aggregate (- #4 material) shall be stock-
piled in separate piles. The stockpile area shall be approved by the En-






Layer placing, stacking conveyors or other approved methods shaLL be used
for stockpiling to prevent coning or segregation of the stockpiled material.
Heating and Mixing - The combination of salvaged base material (if re-
quired), virgin aggregate (if required) and crushed salvaged asphaltic pave-
ment shall be introduced into an approved mixer. The bituminous material
and asphalt modifier shall be introduced into the mixer through separate me-
tering devices for each material. The mixing operation shall continue at
temperatures suitable for mixing until a homogeneous, uniformly coated mixed
is achieved. The temperature of the recycled bituminous mixture at the
point of discharge from the mixer shall not exceed 300°F. The temperature
of the mix at laydown shall not be less than 180°F. The actual mixing tem-
perature shall be adjusted, as directed by the Engineer within the allowable
limitations, to facilitate construction conditions. The moisture content of
the recycled bituminous mixture at discharge from the mixer shall not exceed
3%.
Spreading, Compaction and Finishing - The recycled mixture shall be
spread and compacted in accordance with the Contracting Agency's Standard
Specifications for Spreading and Compacting Conventional Asphalt Mixes.
Weather and seasonal limitations for conventional asphalt concrete mixes
shall apply to recycled mixtures.
General : Samples - At least 21 days prior to the start of production of the
recycled mixture, representative samples of the materials to be used shall
be submitted by the contractor to the Engineer. Sampling of asphalt materi-
als shall be in accordance with the Latest provisions of ASTM Designation D
140. Sampling of aggregates shall be in accordance with the latest provi-
sions of ASTM Designation D 75. Sampling of the recycled asphalt mixture,
as required by the Engineer, shall be in accordance with the latest provi-
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sions of ASTM Designation D 979.
Testing - The recycled mixture shaLL be tested for asphalt content in
accordance with the Latest provisions of ASTM Designation D 2172. The recy-
cled mixture shall be tested for compliance with aggregate grading require-
ments in accordance with the lastest provisions of ASTM Designation C 136.
Weather - Recycled mixtures shall not be placed when the air tempera-
ture is at or below 40°F, nor when the surface on which the mixture is to be
placed is wet, nor when other conditions are obviously unsuitable.
Measurement : Salvaged Asphalt Concrete - Removal of existing bituminous
pavement and crushed, in stockpile, will be measured by the Ton.
Salvaged Base Course Aggregate - Removal and stockpiling of existing
base course aggregate will be measured by the Ton.
Bituminous Material - Bituminous material incorporated in the recycled
mix will be measured by the Ton.
Asphalt Modifier - Asphalt Modifier incorporated in the recycled mix
will be measured by the Gallon.
Recycled Mixture - Recycled asphaltic concrete will be measured by the
number of Tons incorporated in the work.
Payment ; The accepted quantities of Salvaged Asphaltic Concrete, Salvaged
Base Course Aggregate, Bituminous Material and Asphalt Modifier will be paid
for at the contract unit price, which shall be full compensation for remo-
val, hauling, stockpiling and for all labor, tools, equipment and inciden-
tals necessary to complete the work. The accepted quantities of recycled
mixture will be paid for at the contract unit price which shall be full com-
pensation for furnishing and hauling virgin aggregate for mixing, for pro-
cessing, hauling and placing and for all labor and use of equipment, tools
and incidentals necessary to complete the work.
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3.5.5 Guide Specifications for In-PLace Recycling
Description : This work shaU consist of scarifying, pulverizing and crush-
ing an existing pavement, adding new aggregate (as required) and bituminous
materials (as required), mixing in-place, shaping and compacting the mixture
to the lines, grades and dimensions shown on the plans and as directed by
the Engineer.
Materials : Bituminous Materials - The bituminous materials shall conform to
the requirements of the Contracting Agency's Standard Specifications for As-
phalt Emulsions or Cut-Back Asphalts or Asphalt Cements. The Engineer will
determine the type and quantity to be added to the recycled mixture. The
Engineer will specify the temperature at which the material shall be used.
Virgin Aggregate - The virgin aggregate shall conform to the gradation
and quality requirements of the Contracting Agency's Standard Specifications
for Mineral Aggregates. The Engineer will determine the size and quantity
of mineral aggregate to be added to the recycled mixture.
Salvaged Asphaltic Concrete Material - The material to be treated under
this contract shall consist of a mixture of existing asphaltic pavement ma-
terial and mineral aggregate (as required) underlying the existing pavement.
Existing asphaltic pavement shall be processed in such a manner as to pro-
vide a reasonably uniform grading from fine to coarse and to provide a max-
imum particle size of 2 inches. When mineral aggregate underlying the ex-
isting pavement is used, all rocks or lumps of material larger than 2-1/2
inches in greatest dimension shall be removed and discarded.
Equipment : As many as necessary of the following named pieces of equipment
shall be used to complete the specified work: rippers and scarifiers;
pulverization and crushing equipment; rotary mixers or travel plants; motor
graders; windrow devices; aggregate spreaders; power brooms or power blower;
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seLf-propeLLed vibratory or steeL wheeL tandem and pneumatic tired rollers
capable of attaining the required density; a pressure distributor designed
and operated to distribute the asphaltic material in a uniform spray without
atomization; equipment for heating the asphaltic material; and a water dis-
tributor. Other equipment may be used in addition to^ or in lieu of, the
specified equipment when approved by the Engineer.
Rollers - Rollers shall conform to the requirements of the Contracting
Agency's Standard Specifications for Compaction Equipment.
Crushing Equipment - When the use of equipment is specified, the equip-
ment shall be an approved rotary reduction machine having positive depth
control adjustments in increments of one-half inch and capable of reducing
material which is six inches in thickness. The ir>achine shall be of a type
designed by the manufacturer specifically for reduction in size of pavement
materials, in-pLace, and be capable of reducing the pavement materials to
the specified size. The machine shall be capable of ensuring consistent
size of reduced materials. The machine shall have provisions for control-
ling the pollutants generated by the size reduction process.
Mixers - Mixers shall be self-propelled and a combination mixer and
liquid distributor. The mixing rotor, or rotors, shall have a positive
depth control to insure a uniform depth of mixing. The spray bar for dis-
tribution of the liquid asphalt shall operate in such a manner that all as-
phalt will be uniformly applied through the mixer at the time of mixing.
The equipment for distributing the bituminous material shall be adjustable
and shall measure accurately the amounts of bituminous materials being ap-
plied. The asphalt pump shall be a positive displacement-type pump. The
mixer shall be equipped in such a manner as to make it possible to accurate-
ly check the rate of application of the bitumen at any time. The mixer
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shaLL meet the approval of the Engineer.
Construction ; Scarifying and Pulverizing - The existing pavement shaLL be
scarified and uniformly pulverized to a maximum size of 2 inches and to the
depth specified on the plans or in the proposal, by one or more passes. The
maximum length or width of roadbed to be scarified and pulverized at any one
time shall be as directed by the Engineer.
Grading - Excess material not incorporated into the work will become
the property of the contractor and shall be disposed of as required by the
Contracting Agency's Standard Specifications for Disposal of Surplus Materi-
als or as directed by the Engineer. (Note: Alternatively, the excess ma-
terial will become the property of the Contracting Agency.) Additional vir-
gin aggregate (as required) shall be placed to attain the plan cross-section
and/or gradation. Such application of additional aggregate shall be made
immediately after scarification and shall be spread over the surface of the
scarified material in a uniform quantity. The additional virgin aggregate
shall be thoroughly mixed with the processed material. When a travel plant
mixer is to be used, the prepared mixture shall be bladed into one or more
windrows suitable for the type of travel mixer. Windrows shall con-
tain sufficient material to produce the required thickness of compacted
pavement. When equipment other than a travel mixer is to be used, the pro-
cessed material shall be shaped to a uniform cross-section and grade.
Mixing with Bituminous Material - The bituminous material shall be ad-
ded only to that material which can be completely mixed, aerated, dried and
compacted in one day. Asphalt shall not be applied when the moisture con-
tent of the processed material exceeds 3 percent, unless laboratory tests
indicate that a moisture content in excess of 3 percent at the time the as-
phalt is added will not be harmful, or unless a penetration graded asphalt
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cement is to be used. When a penetration graded asphalt cement is to be
used, the moisture content of the processed material shall not exceed 7 per-
cent, nor shall the moisture content of the processed material be less than
4 percent. If the machine used for mixing is not equipped to measure and
apply the asphalt during the mixing operation, the asphalt shall be applied
with an asphalt distributor. When the mixer is equipped to measure and ap-
ply the asphalt, the asphalt shall be added through the mixer at the rate
and temperature directed by the Engineer. The asphalt shall be applied uni-
formly at the rate of 0.50 to 0.75 gallons per square yard. The asphalt
shall be then initially mixed into the layer. Successive applications of
asphalt shall then be applied and mixed in quantities not exceeding 1.0 gal-
lon per square yard. (Note: Penetration graded asphalt cements shall be
applied and mixed in one application.) Mixing shall continue until a
thoroughly uniform mixture is produced, free from fat spots and excess mois-
ture and/or volatiles are removed in quantity sufficient to provide a com-
pactable mix.
Aeration - Aeration of the mixture shall continue until the mixture is
dried to a maximum moisture content of 4.0 percent, based on dry weight.
(Note: When penetration graded asphalt cements are utilized, no aeration of
the processed material shall be conducted.)
Shaping, Rolling and Compacting - Mixing, shaping and compacting shall
be done while the processed material is in a workable state. The processed
material shall be so shaped that when compacted it shall be in reasonably
close conformity with the lines, grades and cross-sections shown on the
plans or established by the Engineer. Initial rolling may be done with a
pneumatic tired roller or rollers. The processed mixture shall be compacted
to not less than 96 percent of the maximum unit weight of laboratory com-
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pacted samples. RoLLing shaLL continue until the entire depth is compacted
to the specified density. A determination of the compacted thickness of the
Layer being placed shall be determined at specified intervals. Areas in
which a deficiency of more than 1/2 inch compacted thickness is indicated
shall be reworked with added mixed material sufficient to increase the layer
to the depth specified. Compaction and final shaping shall occur within 8
hours of the initial application of bituminous materials. (Note: When
penetration graded asphalt cement is used^ compaction shall be initiated
within 15 minutes of initial application of bituminous material, and final
shaping shall be completed within 2 hours of the initial application of bi-
tuminous material.)
Curing - The compacted material shall be cured to the satisfaction of
the Engineer. When approved by the Engineer, the pavement may be opened to
traffic prior to placing of the surface. Materials recycled using emulsi-
fied asphalts or cut back asphalts as the binder shall cure for a minimum of
1 week (7 calendar days) prior to the application of a surface overlay.
General ; Samples - Samples of all materials proposed for use shall be sub-
mitted by the contractor to the Engineer for approval. Sampling of asphalt
material shall be in accordance with the latest provisions of ASTM Designa-
tion D 140. Sampling of aggregates shall be in accordance with the latest
provisions of ASTM Designation D 75. Sampling of the recycled asphalt mix-
ture, as required by the Engineer, shall be in accordance with the latest
provisions of ASTM Designation D 979.
Testing - The recycled mixture shall be tested for asphalt content in
accordance with the latest provisions for ASTM Designation D 2172. The re-
cycled mixture shall be tested for compliance with aggregate grading re-
quirements in accordance with the latest provisions of ASTM Designation C
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136. The percentage of water or voLatiLes in the processed and recycled
mixture may be determined using the Latest provisions of ASTM Designation D
1461. ALternativeLy, the moisture content in the processed or recycled mix-
ture may be determined using the Latest provisions of AASHTO Designation T
255 (anhydrous denatured aLcohoL) or AASHTO Designation T 217 (speedy mois-
ture tester).
Weather Limitations - Bituminous material shall not be applied when the
air temperature, in the shade, is Less than 45°F, unless otherwise permitted
by the Engineer. Work shall be suspended when rain is threatening or the
mix is wet.
Measure : Recycled mixture will be measured by the Square Yard of processed
material of the required depth, measured in place in its final location, as
shown on the plans or otherwise designated by the Engineer. Bituminous ma-
terial incorporated in the recycled mixture will be measured in Tons. Vir-
gin aggregate (as required) incorporated in the recycled mixture will be
measured in Tons.
Payment : The quantities described above shall be paid for at the contract
unit price for each item. Payment shall be in full compensation for fur-
nishing, hauling and placing materials for mixing, for rolling and for all
labor and use of equipment, tools and incidentals.
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CHAPTER FOUR
SAMPLE APPLICATION OF RECYCLING GUIDELINES
A section of Indiana State Road 32 was selected to demonstrate the use
of the recycling guidelines developed in this study. The section of highway
chosen is located in southern Fountain County and connects State Road 63 on
the west with US 41 on the east. The specific portion of the highway exam-
ined starts at the junction of SR 32 and US 41 (Steam Corner) and extends
3.7 mi les to the west.
State Road 32 is a low volume road that primarily serves local traffic.
Major east-west traffic is carried by Interstate 74, located approximately 6
miles to the north. State Road 32 is located in an agricultural area,
although within the past several years several coal strip mining operations
have opened in the area, generating a significant increase in heavy truck
traffic.
4.1 Field Survey Program
The initial step in the recycling guidelines is the Field Survey Pro-
gram. State Road 32 can be functionally classified as a rural collector
highway, due to the type and volume of traffic utilizing the road. The
geometry survey of the highway, illustrated in Figure 4-1, identified
several problem areas:
1. The travel lanes are very narrow for the functional classification
of the highway.
2. The shoulders are very narrow or non-existent. Transition from the
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Figure 4-1 Roadway Geometry Survey
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travel Lanes to the shoulder is abrupt in most Locations.
3. Drainage ditches are either non-existent or non-functionaL.
4. Vertical alignment of the highway at several small bridges and a
railroad crossing is inadequate with abrupt vertical transitions.
The results of the roadway geometry survey indicate that the cross-section
of the highway should be reconstructed with wider travel Lanes (minimum of
11 foot ), wider shoulders (minimum of 4 foot ) and functional side
drainage ditches.
The Present Serviceability Rating of the highway is 2.5 (see Figure
4-2). The quality of ride provided by the pavement surface was considered
to be noticeably inferior to that associated with a new pavement and was
considered to be a minimum for high speed traffic (55 mph). Extensive
patching of cracks and other surfaces defects, as well as numerous sections
of wedge and level courses, were the major contributors to longitudinal
uneveness and associated ride discomfort. A PSR rating of 2.5 for this type
and classification of road indicates that the pavement is presently serving
the traffic in an adequate manner (PSR rating of 2.0 is the minimum value
for a road of this classification), but will need a smoothing overlay in the
near future.
The skid resistance of the entire section of SR 32 between SR 63 and US
41 was measured and found to have an average skid number (40 mph) of 51.6
(with a standard deviation of 2.2 for 10 ten measurements). The magnitude
of the skid number indicates that the frictional skid resistant properties
of the pavement surface are adequate and no corrective action is needed at
this time.
Several times during seasonal periods of high rainfall, excessive
flooding and standing water was observed on the highway structure.




















































Figure 4-2 Present Serviceability Rating (after Yoder & Witczak - 241)
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The results of the condition survey are iLLustrated in Figure 4-3.
Moderate aLLigator cracking and some Longitudinal cracking in the wheel
paths indicate that the structural adequacy of the pavement should be inves-
tigated. The alligator cracks have disintegrated into chuckholes in some
areas, contributing significantly to ride discomfort, both from the open
chuckholes and from those chuckholes that have been patched. Some evidence
of corrugations and bumps or humps was also present.
The structural adequacy of the pavement was evaluated by component
analysis using the procedure outlined in Section 2.1.1.4. The following
steps were used in the analysis:
A Design Subgrade Strength - DSS; CBR = 8
B Calculation of the Effective Thickness - Te:
Material Conversion Actual** Effective
Component Classi f ication* Factor* Thickness Thickness
Subgrade I 0.00 0.00
Gravel Base III 0.20 4 in. 0.80
Bit. Coated
Aggregate VI 0.70 4 in. 2.80
Surface Seal V 0.50 1/2 in. 0.25
Coats
Total Effective Thickness - Te = 3.85
* from Table 2-5
** from test pit measurements, see Section 4.2.
C Traffic Analysis: Currently, the highway is rated at 575 ADT.
1. Assume ADT = 600 after the road is reconstructed
2. Assume 25% of the daily traffic is trucks. Note: Table 2-7 in-
dicates that the percentage of trucks should be 15% or less for
this type of road. However, with the local strip mining opera-
tions, 25% would be ntiore appropriate. Assume 50% of the trucks
i
in the design lane. S\?e Table 2-6. Therefore, the number of
')
180
Hi g hway /w//)a^/^ S^3^
Lengtii ^'1 ^''^
Pavejnent Type A^fn^^J ^o^(>er^



































/yiodBS/9re F^(Pt^/l^7 5ofi)9 r^emefoefi7)M
^U(rH1 r^tv htf^S-M Of^AJ/M.-
^LitrHr Fe^ l\/h^MJ Of^Mr
'bLifyHr fB^-FfeOot/^ S>m.hi^fm ivjfhitif^
SLKrtn Fa\^ 'Ueti-F '^L^J£L keft^
sufTfii-mi^^e n^'f^f^n scm,may'>l9o(f!t(m
SLitfHj-mDeffiri Te^'fEmm ^Epnffm:mcM/
5om ^ eFKf /)5/)?^/c)/V
-
%£ To Uj(^S> TieeS
Figure 4-3 Simple Condition Survey
- 181 -
trucks in the design Lane is 75 (see equation 2-5).
3. Average gross weight of trucks is assumed to be 20,000 pounds.
(See Table 2-7).
4. LegaL singLe axLe Load Limit in Indiana is 18 kips.
5. The Initial Traffic Number (ITN) is 19, (see Figure 2-8).
6. No correction is needed for light trucks and automobiles.
7. Assuming a design period (n) of 20 years and an annual growth
rate (r) of 3%, the Initial Traffic Number Adjustment Factor
(ITNAF) is 1.34 (see equation 2-6).
8. The Design Traffic Number (DTN) is 25.5 (ITN X ITNAF).
D Evaluation of the structural Adequacy of the Pavement: Utilizing
Figure 2-10, the required thickness of equivalent hot mix asphalt
(Ta) should be 6.5 inches. However, the Effective Thickness (Te) of
the present structure is 3.85. Since Ta is greater than Te, the
pavement is structurally inadequate and must be strengthened.
4.2 Historical Records and Material Testing Program
No design or construction records were available for this section of SR
32 because the road was originally constructed by Fountain County at the
turn of the century as a gravel surfaced county road. Indiana State Highway
Commission records indicate that the asphalt concrete portion of the pave-
ment was stage-constructed over several decades. A review of historical
records of the stage construction operations indicates that:
1940 - State of Indiana took over the road from Fountain County, the
road surface was gravel.
1958 - A bituminous coated aggregate course, 1-6 inches thick, 20 foot
*This analysis indicates that a 2.65 inch new material overlay is re-
quired.
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wide, was applied to the road surface by state forces. Note:
Indiana specifications for bituminous coated aggregate require a
#11 aggregate gradation (100% passing the 1/2 inch sieve) with a
4 to 6% residual asphalt content, utilizing a cutback asphalt as
the binder.
1959 - A surface treatment, full width (18 feet), was applied to the
pavement surface by state forces.
1971 - A hot asphalt emulsion surface, type II, was applied full width
(18 feet). Note: Indiana specifications for an HAE Type II
surface require a #8 aggregate gradation (100% passing the 1
inch sieve) or a #9 aggregate gradation (100% passing the 3/4
inch sieve), with a residual asphalt content of 4.3 to 5.6%
utilizing an asphalt emulsion as the binder.
1974 - A sand and squeegee treatment was applied full width.
1975 - A sand and squeegee treatment was applied full width.
Based on the results of the Historical Records Investigation, the nominal
aggregate size found in the bituminous material to be salvaged should be 3/4
inch or less, and the asphalt content should range between 4-1/2 to 5-1/2
percent.
A test pit was excavated in the travel lane of the highway in an area
where alligator cracking was evident. Bituminous material samples were ob-
tained for laboratory testing and the thicknesses of the existing pavement
Layers were determined to be:
A. 3/4 inch surface layer
B. 3 to 4 inches of a binder course of bituminous coated aggregate
course
C. 4 to 4-1/2 inches of a granular base material
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D. CLay-siLty subgrade material
Eight cores were obtained at nearly evenly spaced intervals from the 3.7
mile section being investigated. The cored material was tested in the la-
boratory to characterize the pavement material properties.
The native subgrade material underlying the pavement structure is a
Fincastle silt loam. The material may be classified as a CL or ML under the
Unified Soil Classification System, and an A-4 under the AASHTO Soil Clas-
sification System. The material is subject to medium frost action. A sea-
sonably high water table (perched) is located Less than 2 feet from the sur-
face of the subgrade material.
The base material, which was the original gravel road surface material,
can be classified as an Indiana coarse aggregate, gradation number 73, ex-
cept that the amount of material passing the #200 sieve (15-20%) is outside
specification limits (5-10%). The nominal size of the aggregate is 3/4
inch.
The bituminous concrete samples obtained from the test pit had a
recovered asphalt content of 4.5 to 5.0%, with an average recovered penetra-
tion (77°F) of 38. The gradation of the recovered aggregate fell within the
specification limits for an Indiana Type II #8 or #9 gradation, with 97%
passing the 3/4 inch sieve. An analysis of the bituminous concrete obtained
from the pavement cores showed a similar aggregate gradation. However, the
asphalt content was highly variable, averaging 4.2%, with a recovered pene-
tration (77°F) ranging from 14 to 50. The presence of trace amounts of cut-
back diluents was noted.
*Soil Survey of Fountain County - USDA
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4.3 Probable Cause of Distress or Fai Lure
The results of the Field Survey Program, the Historical Records Inves-
tigation and the Materials Testing Program were used to determine the prob-
ably cause of pavement distress. The distress causing mechanisms that were
present and identified by the Field Survey Program, and the associated dis-
tress manifestations that should be produced by these defects can be deter-
mined from Table 2-8.
Mechanism Distress Manifestation ( see Table 2;-9^)
IE Water in subgrade-poor drainage IB,IIF,IIIA
2C Poor drainage of base IB,IIF,IIIA
3A Fatigue IA,IC,ID,IIF,IIIA
4A Frost susceptable materials IB,IC,IIC
4D Low penetration asphalt IE
6C Excessive loading IA,IC,ID,IIF,IIIA
6D Heavier than design traffic IIA,IIG,IVA,I\/C
The distress manifestations that were evident and the associated
mechanisms producing the distress can be determined from Table 2-9:
Manifestation Distress Mechanism ( see Table 2;-8_)
lA Alligator Cracking 1A,2A,3A,3B,5B,6C
IC Logitudinal Cracking 1C,1 D,1G,2D,3B,3C,4A,5A,5D,5F,6C
ID Transverse Cracking 3B,3C,4G,4H,5L,6C
IIA S HID Chuckholes 1E,1H,2C,3B,4B,4K,6C
HID Abrasion 6A
When the results of the two processes are combined, the probable cause of
distress can be attributed to:
1. Excessive Loading with heavier than design traffic
2. Water in subgrade and poor drainage
3. Frost susceptable material in subgrade and some in the base materi-
al
Therefore, any alternative proposed for pavement rehabilitation must treat
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these distress mechanisms in order to prevent reoccurrence of the same de-
fects at some time in the future.
4.4 Identification of Rehabi Litation Alternatives
The conventional and recycling alternatives that can be utilized to
rehabilitate the pavement can be determined by using Tables 2-12^ 2-13, 2-14
and 2-15. The general structural condition of the pavement can be classi-
fied somewhere between a Case I (all layers structurally unsound) and a Case
II (surface layer structurally unsound, but underlying layers structurally
sound) with the geometric inadequacies of Case IV. The rehabilitation al-
ternatives identified by these General Structural Cases (see Table 2-12)
are:
Conventional Recycling
Reconstruction Partial or Full Depth Central Plant
Thick Overlay with Balanced In-Place
or Unbalanced Widening Hot or Cold Milling with Overlay
Table 2-13 and the major distress manifestations evident in the pave-
ment (alligator cracking and chuckholes) were utilized to determine the fol-




Overlay Partial Depth Central Plant
Removal and Reconstruction Full Depth Central Plant
with Improved Drainage In-Place
Utilizing Table 2-14 and the distress mechanisms previously identified,
the recycling alternatives identified are:
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Distress Mechanisms Recycling Alternative
Subgrade and base defects Full Depth Central Plant; In-Place
Frost Susceptibility Partial and Full Depth Central Plant;
In-Place
Loading and Heavy Traffic Hot or Cold Milling with Overlay;
Partial and Full Depth Central Plant;
In-Place
When the severity of the pavement distress and the need to rebuild and/or
change the pavement cross-section is considered, the conventional alterna-
tive selected is a thick overlay with reconstruction of drainage structures
and widening of the pavement. The recycling alternative selected is either
central plant or in-place recycling.
The choice between central plant and in-place recycling can be made
utilizing Table 2-15, Other Factors. The factors that are different for the
two recycling alternatives and that influence the choice are:
Climatic Effect - Favors central plant over in-place recycling
Project Size - Favors in-place over central plant because of the rela-
tively small size (40,000 sy) of the job.
Environmental Standards - Favors in-place recycling over central plant
because of the presence of diluents in the salvaged ma-
terial and the low level of pollutants generated by in-
place.
The recycling rehabilitation alternative identified by these guidelines
is in-place recycling. In-place recycling should be used to produce a sta-
bilized base layer that will probably need a new material overlay for struc-
tural, wearing and waterproofing reasons.
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4.5 Mix Design
The gyratory compactor and the Hveem stabi Lometer were used to design
the recycled asphalt concrete mixture, (see Appendix D (V.ID). Several
different binder types were investigated: AC 2.5; MC 3000; AE 150; and AE
90. The AC 2.5 produced the recycled mix with the highest Hveem resistance
value, although the mixture utilizing the MC 3000 had a Hveem resistance
only slightly less. However, both materials had to be heated in order to
properly disperse the new binder in the recycled mixture, while the two
emulsions, the AE 150 and AE 90, required no additional heating. However,
the emulsions required an extended curing period, while the AC 2.5 required
no curing and the MC 3000 required a relatively short curing period. The
emulsions coated the recycled material much better than did the asphalt ce-
ment. The AE 150 was selected as the new binder in the recycled mix on the
basis of these preliminary tests, the requirements of Indiana's specifica-
tions for binder material for stabilized bases and the ease of construction
association with asphalt emulsions rather than asphalt cements.
The optimal amount of AE 150 to be added to a 100% salvaged material
mixture was found to be between and 1%. Additional mixing water had lit-
tle or no effect on the recycled material's final strength, while curing
time had a significant effect on the stability and strength of the recycled
mixture.
Indiana's specifications for stabilized bases require that the aggre-
gate gradation of the base material conform to the #538 gradation require-
ments (nominal top size of 1 inch). Since the gradation of the salvaged bi-
tuminous material is nominally 3/4 inch or less, and since the existing base
aggregate is nominally 3/4 inches or less, and since a 22% increase in recy-
cled material is required to widen the pavement structure (from 18 to 22
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feet), it was determined that 25% new coarse aggregate should be added to
the salvaged material. Indiana #4 coarse aggregate, when blended with the
salvaged asphaltic material, produced the required #53B gradation. The sal-
vaged material/virgin aggregate blend of 75/25 made it necessary to add
1.13% (residual) of AE 150 to the recycled mixture in order to arrive at the
desired optimal asphalt content of 4.5% for the blend. Further testing for
water sensitivity indicated that the recycled mixture of virgin aggregate
and salvaged asphalt would be very sensitive to the presence of excess wa-
ter. However, extended curing would significantly increase mixture stabili-
ty and Hveem cohesiometer values.
4.6 Pavement Design
The final step in the Recycling Guideline process is the determination
of the thickness of the recycled pavement layer, as well as other required
layer thicknesses. The AASHTO design procedure (see Appendix E) was util-
ized to determine the required Structural Number (SN) of the reconstructed
pavement:
1. Assume a Terminal Serviceability Index - Pt = 2.0
2. Calculate the Daily Equivalent 18 Kip Axle Load utilizing the
Design Traffic Number (DTN) previously calculated (see Section
4.1), DTN = 25.5
3. Assume a Soil Support Value - S = 5.0 (see Figure E-1 (V.ID)
4. Assume a Regional Factor - R = 1.0 (see Figure E-2 (V.ID).
5. Calculate the required Structural Number - SN = 2.15 (see Figure
E-3 (V.ID)
The thickness of the recycled material layer will be assumed to be
4-1/2 inches. An AASHTO structural coefficient of 0.22 will be assumed for
the recycled material. The subbase, which is the old gravel road materials.
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wiLL be assumed to be 4 inches thick with an AASHTO structural coefficient
of 0.11. Thus, the combination of subbase aggregate and recycled base ma-
terial will result in a combined Structural Number of 1.43 (4-1/2 inches X
0.22 + 4 inches X 0.11); equation (E-3 (V.ID). The thickness (Dl) of the




where: Dl = thickness of surface layer, new material
2.15 = required structural number of the entire pavement structure
1.43 = structural number of the combined subbase and recycled base
a1 = structural coefficient of the new surface material (assumed to
be 0.44 for high stability asphalt concrete mixes)
The equation for Dl yields a value of 1.64 as the required minimum thickness
of the new material overlay.
4.7 Summary
Two different rehabilitation alternatives have been identified by the
recycling guidelines. The conventional alternative is to widen the pavement
from 18 to 22 feet utilizing new materials and balanced widening, construct
4 foot wide shoulders on either side of the travel lanes, reconstruct the
side drainage ditches and place a 3 inch new material overlay over the ex-
isting pavement surface and the widened pavement. Wedge and Level courses
will be required at the bridges and railroad crossings.
The recycling alternative that was identified, consists of recycling
in-place the existing 4-1/2 inches of asphalt pavement materials. 25% addi-
tional virgin aggregate, #4 coarse aggregate gradation, and 1.13% residual
asphalt content, AE 150, should be mixed with the salvaged pavement material
to construct a 4-1/2 inch thick stabilized base, 22 foot wide. The should-
ers should be rebuilt during the recycling process so that 4 foot is provid-
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ed on both sides of the pavement. The side drainage ditches should also be
reconstructed while the base is being recycled. Vertical transitions at the
railroad crossing and bridges should be corrected during recycling. Final-
ly, a 1-3/4 inch thick, 22 foot wide, hot mix asphalt concrete layer should
be placed over the recycled base.
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CHAPTER FOUR-B
SAMPLE APPLICATION OF CONSTRUCTION GUIDELINES
Application of the Recycling Guidelines to a section of Indiana State
Road 32 (see Chapter Four-A) indicated that in-place recycling was a viable
rehabilitation alternative. The Guidelines indicated that the 4^5 inch thick
by 18 foot wide pavement could be satisfactorily recycled, in-place, by
adding 25% virgin aggregate and 1.13% (residual) asphalt emulsion to the
reclaimed material to construct a 4% inch thick by 22 foot wide recycled
base. A 1-3/4 inch thick by 22 foot wide new material overlay along with
4 foot wide shoulders and side ditch reconstruction completed the pavement
design. The focus of this chapter will be on the application of the Con-
struction Guidelines to the recycling process.
4. 8 Formulation of a^ Recycling System
A specific recycling system, composed of the necessary pieces of con-
struction equipment, must be selected for the in-place recycling operations.
The characteristics of Indiana State Road 32 greatly influence the choice of
equipment. The road is a low traffic volume rural collector, stage-constructed
over several decades with materials that have produced a pavement with low
material integrity. All of these factors favor the use of conventional,
readily available road building equipment. The road favors the prudent
selection of equipment that can perform several different recycling operations
in order to avoid a proliferation of machines on the job site. Table 3-3 is
used as a guide to select the in-place recycling equipment.
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4.8.1 Removal
The pavement to be removed is a fairly thick aggregation of stage-
constructed materials. However, due to the embrittlement of the binder in
the various pavement layers, as evidenced by a low average recovered penetra-
tion, and the lower integrity of the stage constructed materials, less effort
will be required to loosen and remove this material than would be required
of a high grade hotmix material.
The rural nature of the project, the absence of a need for sophisticated
grade control during reconstruction, as well as the material characteristics
eliminate the need for selecting a cold miller to remove the existing material.
The low type of material associated with the stage-construction favors the use
of a sacrifier rather than a ripper. However due to the thickness of the
material to be removed, either a scarifier without a full compliment of
teeth or a combination ripper-scarifier would be justified.
A motor patrol rather than a crawler tractor would be justified as the
prime mover for the scarifier because a lower tractive effort can be tolerated
and the selection of the motor patrol would add versatility to the recycling
operations. Not only would the motor patrol be able to loosen the pavement
material but it could also be used for several other recycling operations.
4.8.2 Crushing and Pulverization
The size of the material loosened by the motor patrol mounted scarifier
should be fairly small. Several different types of crushing rollers could
be used for pulverization, but all of these machines would require numerous
crushing passes. Normally, these types of rollers are used as intermediate
processing equipment. The type of material being crushed, as well as the
scope of the project, does not justify the use of a multi-shaft stabilizer
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for pavement crushing and pulverization.
The single shaft stabilizer would be a good choice for processing the
pavement material. Not only would just a few passes of the machine be re-
quired to properly crush the salvaged pavement material, but the stabilizer
could also be used for the subsequent mixing operation.
4.8.3 Mixing
Production of the recycled material by mixing the salvaged pavement
material, the virgin aggregate and the asphalt emulsion could be accomplished
by using either a mixer-paver, a windrow mixer, a motor patrol or a single
shaft stablizer. Both the mixer-paver and windrow mixer will produce a high
quality product. However the degree of quality is not necessary for a base
course. Additionally, both mixing devices require additional support equipment.
The motor patrol could be used to blade mix the recycled material. How-
ever an asphalt distributor would be required to add the emulsified asphalt
to the salvaged material and the mixing action of the blade would not be
uniform as needed.
The single shaft stabilizer is a good choice for mixing the recycled
material. Not only is the machine already on the job performing the crushing
and pulverization, but the machine has the capability to add the emulsified
asphalt integrally during the mixing operation. The single shaft stabilizer
is capable of producing a mixture in which both the virgin aggregate and the
asphalt emulsion is well dispersed in the salvaged material.
The virgin aggregate should be added to the reclaimed material prior
to mixing and the addition of the asphalt emulsion. An aggregate spreader,
rather than just tail-gating the material out of a rear dump, should be used
to insure that the design amount of new aggregate is added to the recycled
mixture.
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4.8.4 Finishing and Laydown
Although the recycled material could be picked up and placed in a
conventional asphalt paver the need for such an action is not justified for
base course material. The motor patrol would be the optimal choice for
placing the recycled material.
4.8.5 Compaction
Any of the rollers listed in Table 3-3 could be used for recycled
material compaction. However, due to the thickness of the recycled lift
a vibratory roller operating at a high frequency and amplitude would re-
quire fewer passes than a static roller. The vibratory roller would be a
good choice for the breakdown and intermediate compaction passes. A
pneumatic-tired roller would be a good choice for the finish rolling.
4.8.6 Shaping and Trimming
Since the recycled material is to be used as a base and will be overlain
with a 1-3/4 inch new material overlay, shaping and trimming of the recycled
material should not be required. However, the motor patrol operated by an
experienced operator could adequately provide any trimming that might be
needed.
4. 9 Recycling System Performance
The perforinance of the specific in-place recycling system chosen should
be evaluated in terms of production, cost and energy consumption. A quantity
survey of the materials involved and the scope of the project, prior to
system performance evaluation, indicates the following:
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Reclaimed Material
3.7 miles x 18 ft wide x 4^2 inches thick = 39,000 square yards
= 175,800 sy-in
8,790 tons ((glOO lb
sy-in)
Recycled Material
3.7 miles x 22 ft wide x 4% inches thick = 47,750 sy
= 214,900 sy-in
= 10,745 tons ( @100 lb
sy-in)
Materials to be added
Aggregate - Indiana #4's
Existing pavement = 450 Ibs/sy (assumes 100 Ibs/sy-in)
25% Additional Virgin Aggregate = 112 Ibs/sy
Aggregate Spreading Rate = 112 Ibs/sy
Asphalt Emulsion - AE150 (8.3 lb/gal (3 60°F, 68% min residual)
1.13% (Residual) in recycled mix
Suggested application temperature = 140 F.
. T ,. ^ , (450 + 112) lb X .0113 X .98Applxcatxon Rate =
3.3 lb/gal X .68
= 1.10 gal/sy ^-^^ = temperature
correction factor)
4.9.1 Production
The average production, square yards per hour (sy/hr) is calculated for
each recycling operation based on an assumed 45 minute efficiency hour and
parameters associated with each component piece of equipment. Daily pro-
duction is based on an eight hour work day. Total activity duration is
calculated by dividing the recycling operation quantity by the average production.
Removal
Equipment - 150 hp motor patrol with combination ripper-scarifier
Working Speed - 88 fpm (1 mph)
Ripping Width - 6 feet
Overlap of Ripping Passes - 50%
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„ J . 88 fpm X 6 ft X .50 X 45 min/hrAve. Production = ' -^—5-7
9 sf/sy
= 1320 sy/hr (Table 9-1 reports production range
from 800 to 2000 sy/hr)
Daily Production = 10,560 sy
Total Activity Duration = 29.5 hours
Crushing and Pulverization
Equipment - 318 hp single shaft stabilizer - straddle type
Working Speed - 40 fpm
Working Width - 8 feet
Working Dept - 4^2 inches
Number of Passes - 3
„ , . 40 fpm X 8 ft X 45 min/hrAverage Production = —» ' . , ::;
"^ 9 sf/sy X 3 passes
= 533 sy/hr (Table 9-2 reports production ranges
from 400 to 520 sy/hr)
Daily Production = 4267 sy
Total Activity Duration = 73.2 hours
Blading Prior to placement of the virgin aggregate the crushed material
must be bladed into proper position to fulfill cross-section
demands
Equipment - 150 hp motor patrol
Working Speed - 264 fpm (3 mph)
Working Width - 9 feet
Number of Passes - 2
264 fpm X 9 ft X 45 min/hr
Average Production = t:—5-5 7^° 9 sf/sy X 2 passes
= 5940 sy/hr
Daily Production = 47,520 sy
Total Activity Duration = 6.6 hours
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Agsi^esate Placement
Equipment - 150 hp aggregate spreader
Working Speed - 176 fpm (2mph)
Spreading Width - 10 ft
Number of Passes - 1
. 1, J ^- 176 fpm X 10 ft X 45 min/hrAverage Production = ^ r —,
9 sf/sy
= 8800 sy/hr
Daily Production = 70,400 sy
Total Activity Duration = 4.4 hours
Mixing
Equipment - 318 hp single shaft stablizer, straddle type
Working Speed - 88 fpm (1 mph) (From Table 9-3 working speed ranges from
45 to 100 fpm)
Mixing Width - 8 feet
Number of Passes - 2 (asphalt emulsion to be added during 1st pass)
.
-n J ^ • 88 fpm X 8 ft x 45 min/hrAverage Production = J^ .
,
r
9 sf/sy X 2 passes
= 1760 sy/hr
Daily Production = 14,080 sy
Total Activity Duration = 22.2 hours
Laydovm - This operation places the recycled material in its final
location in the pavement structure
Equipment - 150 hp motor patrol
Working Speed - 264 fpm (3 mph)
Working Width - 9 feet
Number of Passes - 3
A T) J ^ • 264 fpm X 9 ft X 45 min/hrAverage Production = pr^
—
—,
9 sf/sy X 3 passes
= 3960 sy/hr
Daily Production = 31,680 sy
Total Activity Duration = 12.0 hours
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Compaction - Breakdown and intermediate
Equipment - 88 hp vibratory roller
Working Speed - 220 fpm (2^ mph)
Compacting Width - 84 inches (7 feet)
Number of Passes - 4
. v. J ^ • 220 fpm X 7 ft X 45 min/hrAverage Production = ^——, ;
y sf/sy X 4 passes
= 1925 sy/hr
Daily Production = 15,400 sy
Total Activity Duration = 24.8 hours
Compaction - Finish
Eauipment - 100 hp, 25 ton pneumatic tired roller
Working Speed 352 fpm (4 mph)
Compaction Width - 84 inches (7 feet)
Number of Passes - 2
. n J ^ • 352 fpm X 7 ft X 45 min/hrAverage Production = ^-—x —, ^9 sf/sy X 2 passes
= 6160 sy/hr
Daily Production = 49,280 sy
Total Activity Duration = 7.8 hours
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4.9.2 Total System Production
More important than calculating individual recycling operation produc-
tion is calculating total system production. All component pieces of equip-
ment must operate as an integrated system. Normally one type of equipment
will control the entire system output, thereby controlling the total re-
cycling system production. A review of the average recycling equipment
production previously calculated indicates that crushing and pulverization
of the reclaimed material by the single shaft stabilizer, at 533 sy/hr,
appears to be the controlling operation. Total system production will
depend on reclaimed pavement crushing and pulverization production.
Still another factor to consider is the size of the daily work segment.
Although some of the operations, such as ripping and crushing could be
accomplished independently of the other recycling operations, most other
operations, such as mixing and compaction, must be constrained to such a
size so that the total combined operation can be completed in one working
day. The size of these daily work segments will affect the total recycling
production.
The selection of the size of the daily work segment can be calculated
by investigating the maximum size segment each piece of equipment can handle
while performing its various recycling operations, as well as looking at
combinations of equipment that are dependent on each other. NOTE: work
segment size will be based on original pavement dimensions.
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Daily Work Segment. Size - Motor Patrol Operations - ripping, blading
and laydown
Work Segment Area = — =
_^
1.22
1320 sy/hr 5940 sy/hr 3960 sy/hr
= 6483 sy Note: 1,22 accounts for
the fact that the
= 3240 If recycled pavement is
22% wider than the
original pavement
Daily Work Segment Size - Single Shaft Stabilizer & Vibratory Roller -
crushing, mixing, and compacting
Work Segment Area =
_^
1.22
533 sy/hr 1760 sy/hr 1925 sy/hr
= 2600 sy
= 1300 If
It is obvious that if only one single shaft stabilizer and one vibratory
compactor is used, the motor patrol will be unproductive for a significant
amount of the system time. Therefore, determine the daily work segment size
using two single shaft stabilizers for both crushing and mixing, and two
vibratory rollers.
Daily Work Segment Size - 2 Single Shaft Stabil i zers & 2 Vibratory Rollers
crushing, mixing and compacting
Work Segment Area = ;
1.22
2 x 533 sy/hr 2 x 1760 sy/hr 2 x 1925 sy/hr
= 5200 sy
= 2600 If
Based on the preceding analysis look at scheduling equipment and recycling
operations based on a daily work segment size of ^ mile or 5280 sy. Shown be-
low is a listing of recycling operations, operation duration and operation in-
terrelationships for h mile segments.
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Recycling Operation
Ripping - motor patrol
Crushing - 2 Single shaft
stabilizers






Aggregate - aggregate spreader .60 hrs
Operation Interrelations
-first operation
-cannot start until ripping
has begun
-cannot start until ripping
completed
-cannot finish until crushing
completed
-cannot start until blading
started
-cannot finish until crushing
completed
-cannot start until crushing
comnleted
-cannot start until aggregate
started
-cannot start until 30 minutes
after mixing started
-cannot start until 60 minutes
after mixing started
-cannot start until vibratory
compaction started
-cannot finish until vibratory
compaction completed
Figure 4-4 illustrates a typical equipment schedule for \ mile work segments,
Based on the work schedule, total recycling system production is:
3,7 miles
Mixing - 2 single shaft
stabilizers
Laydown - motor patrol





Compaction - Pneumatic tired 1.05 hrs
Total Project Duration
Total System Production =
% mile/work day
= 7.4 work days
39,000 sy
7.4 workdays x 8 hrs/day
= 660 sy/hr (based on original pavement)




The direct costs associated with recycling can be estimated by
determining material unit costs, equipment unit costs and labor rates.
Profit and indirect expense (mostly general and project overhead), while
important, will not be considered.
Materials (based on early 1980 prices in Indiana)
Aggregate - Indiana #4 gradation
^ 112 Ibs/sy X 39,000 sy
2000 lbs/ton
= 2185 tons
@ $3.25 / ton = $7,098
Asphalt Emulsion - Indiana AE 150
1.10 gal/sy X 39,000 sy
= 42,900 gallons
(3 $.50/gal = $21,450
Total Material Cost = $28,548
Total Material Unit Cost = $.72/sy (original area)
$.598/sy (recycled area)
Equipment (based on Rental Rate, Blue Book [194] prices - weekly rate +
40 hours. Operators wage based on $11.75/hr + $1.30/hr
fringe benefit)
Hourly Operating
Machine Rental Rate Cost Operator Total Cost
Motor Patrol $40.38/hr $15.70/hr $13.05/hr $69.13/hr
Single Shaft
Stabilizer $60.38/hr $15.65/hr $13.05/hr $89.08/hr
Aggregate Spreader $37.38/hr $ 8.75/hr $13.05/hr $59.18/hr
Vibratory Roller $37.50/hr $ 8.80/hr $13.05/hr $59.35/hr
Pneumatic Roller $21.12/hr $ 5.70/hr $13.05/hr $39.87/hr































Total Minimum Unit Cost
Expected Total Recycling Cost












$1,518 /sy (original area)
($465.04/hr x 8 hrs/day x 7.4 days) + $28,548
$ 56,078.37
$ 1.44 /sy (Based on original pavement)
$ 1.17 /sy (Based on recycled pavement)
$ 0.26 /sy-in (Based on recycled pavement)
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4.9.4 Energy
The energy associated with in-place recycling can be calculated by
estimating the amount of energy needed to manufacture and transport the
new materials in the recycled pavement, as well as the number of gallons
of fuel required for recycling equipment operation. Diesel fuel consump-
tion for recycling equipment will be estimated using the rated brake horse-
power and the following equation:











Manufacturing - 70,000 btu/ton x 2185 tons = 1.53 x 10 btu
Q
Transportation - 15 miles x 2185 tons x 3800 btu/tm = 1.25 x 10
(assume 15 mile haul)
Asphalt Emulsion
Manufacturing - 42,900 gal x 2100 btu/gal = 0.90 x 10^
Transportation - ^2,900 gal x 8-3 lbs/gal x 50 miles x 3270 btu/tm
2000 lbs/ton „
(assume 50 mile haul) = 0.29 x 10
Equipment - Energy
Motor Patrol 150 hp = 6.9 gph x 48.1 hrs = 331.9 gal
Stabilizer 318 hp = 14.6 gph x 95.4 hrs = 1392.8 gal
Aggregate 150 hp =6.9 gph x 4.4 hrs = 30.4 gal
Spreader
Vibratory Roller 88 hp = 4.0 gph x 24.8 hrs = 99.2 gal
Pneumatic Roller 100 hp = 4.6 gph x 7.8 hrs = 35.9 gal
Total fuel consumption = 1890.2 gallons
Total Equipment Energy - 1890.2 gal x 139,000 btu/gal = 2.63 x 10^ btu
Total Recycling Energy - (materials & equipment) = 6.60 x 10 btu
190-P -
Total Recycled Material Unit Energy Consumption =
,
' ^^'^ n-^47755 sy x 4*5 inches
= 3071 btu/sy-in
Table 9-15 (Vol. II) reports in-place recycling energy consumption ranges
from 1800 btu/sy-in to 4072 btu/sy-in. Note: this analysis does not in-
clude any energy consumed by supervisory or support equipment.
4.10 Pre-Job Analysis
The final task prior to the start of the in-place recycling of SR 32
should be a thorough analysis of the project. The purpose of this pre-job
analysis is to identify potential problem areas, as well as construction
operations that warrant special consideration during recycling.
4.10.1 Variability
The construction records and to a lesser extent the test pit and the
8 cores taken from SR 32, indicated a variability in the thickness of the
bituminous coated aggregate course. In order to validate the estimated
material quantities used in the preceding productivity and cost analysis,
at least three cored specimens, randomly located, should be obtained from
each ^2 mile daily work segment.
Since little data is available regarding recycling operation variability,
at least 20 randomly selected samples should be obtained from early crushing
and pulverization operations, as well as recycled material mixing. The
variability of the crushing should be evaluated by determining the average
(X)
, range (R) and standard deviation (a) of the amount of material retained
on the 2 inch sieve (maximum allowable crushed size) as well as the amount of
the material passing the #200 sieve. The variability of the mixing process
should be evaluated by determing the variability statistics (x, R, cr) associated
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with the amount of binder in the recycled mix. Compaction variability can be
evaluated by conducting in-place density tests using a nuclear density meter.
The variability statistics of the crushing, mixing and compaction
operations can be used to develop control charts. The control charts will
allow the performance of each of these recycling operations to be evaluated
and indicate when corrective actions in the process are needed.
4.10.2 Potential Problem Areas
Table 3-8 in the Construction Guidelines indentifies some of the
potential problem areas that might be encountered during in-place recycling.
The use of a combination ripper-scarifier to remove the material to a
dept of 4^^ inches in \ mile daily work segments should eliminate most of
the ripping problems that might be encountered. The use of single shaft
stabilizers for crushing does not require that the reclaimed loosened material
be placed in a windrow. These machines should be able to process the re-
claimed with little difficulty.
If dispersion of the asphalt emulsion and new aggregate in the reclaimed
material becomes a problem during mixing operations, consideration should be
given to
:
1. Spreading 60 Ibs/sy virgin aggregate
2. Adding .55 gal/sy of AE 150 during the first mixing pass with
one of the single shaft stabilizers
3. Spreading the remaining 52 Ibs/sy of the virgin aggregate
4. Add the remaining .55 gal/sy AE 150 during the second mixing
pass using the second single shaft stabilizer
With adequate mixing and blading of the recycled mixture as well as
proper timing of the compaction operations no laydown, compaction or trimming
problems should be encountered.
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4.10.3 Proj ect Management
In order to achieve the in-place recycling production previously-
calculated timely deliveries of aggregate and asphalt emulsion must be
insured. The selection of the size of the daily work segment and schedul-
ing of recycling operations within the work segment should facilitate the
actual recycling operations.
While in-place recycling operations are being conducted, through
traffic should be detoured around this section of SR 32. Since the road
carries such a low volume of traffic, a detour to the north to 1-74 using
SR 63 on the west and US 71 on the east should pose little problem and in-
convenience to the motoring public.
Local traffic can be allowed to use the road during recycling operations.
Motorists should be advised to use extreme care and keep speeds down to
approximately 15 mph to prevent raveling. If any ripped and crushed
material is to be left open overnight or on weekends some compaction
should be applied to the reclaimed material to allow local traffic to use
the road
4.10.4 Specifications
The guide specifications for in-place recycling, 3. 5. 5, shall apply
to this work.
4.10.5 Summary
A system has been formulated for recycling, in-place, a section of
Indiana State Road 32. The existing 18 foot wide pavement is to be ripped
using a motor patrol and crushing using two single shaft stabilizers. Addi-
tional virgin aggregate, 112 Ibs/sy of Indiana #4 gradation aggregate, and
additional asphalt, 1.13% (residual) AE 150 asphalt emulsion, is to be mixed
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with the crushed pavement material using the two single shaft stabilizers.
The recycled material is to be placed in a 22 foot wide stabilized base
and compacted with two vibratory rollers and a pneumatic tired roller.
The recycling operations are to be conducted in h mile daily work
segments. Average hourly recycling system production should be 660 sy/hr
(based on original pavement)
.
The expected total recycling unit cost should
be $1.17 /sy (based on recycled pavement). Total recycling cost should be
$56,078.37. Total recycled material unit energy consumption should be
3071 BTU/sy-in of recycled material.
Through traffic should be detoured around this segment of SR 32.
However, local traffic may be allowed on the road during construction




Asphalt pavement recycling is a viable method that can be used to main-
tain, rehabilitate and reconstruct asphalt pavements. One of the major
problems facing transportation agencies is the need to maintain and upgrade
the level of service that highways provide, while coping with rapidly es-
calating costs and a nearly fixed level of highway funding. Asphalt pave-
ment recycling can be a part of the solution to this multi-faceted problem.
A significant portion of the highways in this country are constructed with
asphaltic materials. Asphalt recycling reuses these materials in the reha-
bilitation or reconstruction process. As such, recycling not only conserves
natural resources, but can be an economical, as well as an energy efficient
rehabilitation alternative.
Asphalt pavement recycling is one of many alternative methods that can
be used to rehabilitate or reconstruct flexible pavements. However, there
are many different ways in which asphalt pavements can be recycled. Basi-
cally, asphalt recycling can be classified into three major areas: surface
recycling; central plant recycling; and in-place recycling.
5.1 Surface Recycling
Surface recycling, discussed in Chapter 7 (V.II), is one of the most
widely used forms of asphalt pavement recycling. This method is primarily
used for correcting or rehabilitating the surface layer of flexible pave-
ments. Surface recycling is particularly well suited for treating or
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correcting surface deficiencies, as weLL as pavement geometry probLems. A
majority of surface related defects can be attributed to the oxidation of
the pavement binder that occurs in the upper Layer of the pavement surface.
Surface recycling either removes this Layer of aged material or rejuvenates
the material, so that near original binder properties can be restored to the
pavement surface. Successive new material overlays can cause problems with
vertical clearances, roadway cross-slopes, curb reveal, utility covers and
drainage structures. Removing excess surface material, with surface recy-
cling techniques, prior to a new material overlay can eliminate these prob-
lems.
Surface recycling can be classified into two major groups: hot surface
recycling and cold surface recycling. Hot surface recycling utilizes ther-
mal energy to heat the pavement surface material to facilitate the removal
process. Several different machines can be used to accomplish this opera-
tion: heater-planers, heater-scarifiers and hot millers. The major problem
associated with the use of hot surface recycling techniques is the develop-
ment of the proper level of thermal energy. Excessive temperature can dam-
age pavement materials, as well as generate excessive atmospheric pollu-
tants. Inadequate temperature can seriously retard the pavement removal
process or impede the surface recycling operation.
Cold surface recycling, rather than depending on thermal energy to aid
in the pavement removal process, utilizes mechanical energy to plane or mill
the pavement surface. The most prevalent type of cold surface recycling
equipment is a cold milling machine which utilizes a rotating drum equipped
with cutting teeth to remove the pavement surface material. Temperature re-
lated degradation of the asphalt binder and associated hydrocarbon emissions
are eliminated. In general, cold millers are capable of removing more ma-
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teriaL per pass, with greater cutting accuracy, while consuming Less energy
per unit of material removed than hot surface recycling equipment.
5.2 Central Plant Recycling
Paving contractors and asphalt producers have shown the most interest
in central plant recycling. Central plant recycling, discussed in Chapter 8
(v. II), usually involves removing the existing asphalt-bound pavement ma-
terial, full depth, and transporting the salvaged material to a central
plant where additional new materials may be added to the salvaged materials
during a hot mixing operation. The recycled material is then put back on
the roadbed with conventional paving equipment. A significant improvement
in the structural capacity of the existing pavement can be achieved during
this recycling operation. The base/subbase can be reconstructed after the
asphalt pavement materials are removed. The salvaged asphalt materials can
be rejuvenated and upgraded during central plant mixing operations.
The salvaged material must be crushed and sized prior to recycling in
the central plant. Usually, the salvaged asphaltic pavement material is
crushed at the central plant site using conventional aggregate crushing
equipment, although the material may be crushed in-pLace, on the roadbed,
using mobile equipment.
Central plant recycling can be classified into two major groups: drum
mixer recycling and batch plant recycling. The major problem associated
with the use of central plant equipment for recycling asphaltic materials is
the hydrocarbon emissions that are generated when the salvaged binder is ig-
nited by the dryer flame. Drum mixer recycling utilizes a dual feed process
to control hydrocarbon emissions. Uncoated aggregate is used to protect the
salvaged asphaltic material from the high temperature of the drum mixer's
burner. The uncoated aggregate also acts as a heat transfer medium that
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raises the temperature of the salvaged pavement materials. Batch plant re-
cycling also utilizes a dual feed process to eliminate hydrocarbon emis-
sions. Uncoated aggregate is superheated in a conventional dryer, while the
salvaged pavement material is introduced directly into the batch plant
tower, bypassing the dryer. The salvaged pavement material is heated by the
superheated, uncoated aggregate in the batch plant weigh hopper and pugmill,
totally eliminating the generation of any hydrocarbon emissions. Modifica-
tion components or add-on recycling kits are available for both types of
central plants so that conventional equipment can be used for central plant
recycling.
5 . 3 In-Place Recycling
In-place recycling is the third major form of asphalt pavement recy-
cling. A variety of equipment and construction techniques can be used to
recycled asphaltic pavement materials in-place, see Chapter 9 (V.II). Nor-
mally, the product produced by this recycling method is a cold mixed in-
place stabilized base. Usually, a new material overlay or an asphalt sur-
face treatment is applied to protect the recycled layer from traffic action,
to waterproof the recycled materials and to add increased structural
strength to the recycled pavement.
In-place recycling is normally accomplished using conventional road
building equipment. Costly transportation operations are eliminated since
the asphaltic material is recycled in-place on the roadbed. In-place recy-
cling consumes less energy per unit of material processed than the other two
major forms of recycling. The major disadvantage associated with some in-
place recycling operations is the inability to control the quality of the
product that is produced. Due to the fact that such a wide variety of con-
struction equipment and techniques are used to recycle the materials in-
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place, the variability associated with the final product is much greater.
The primary operations required for recycling an asphalt pavement in-
pLace are: removal of the existing pavement; crushing and pulverization of
the salvaged pavement materials; mixing of the salvaged material with addi-
tional materials (as needed); and laydown and compaction of the recycled
product.
Many different types of equipment, ranging from the simple to the rela-
tively complex, can be used to accomplish these operations. The type of new
binder incorporated in the recycled mixture will control the type of mixing,
laydown and compaction equipment that can be used. The quantity and quality
of the existing pavement will dictate, in large part, the proper choice of
equipment for removal and crushing operations. The type of equipment
chosen, in turn, controls the in-place recycling rate of production, as
well as greatly influencing the unit cost associated with recycling opera-
tions.
5.4 Recycling Guidelines
The major problem associated with the use of asphalt recycling as a
pavement rehabilitation or reconstruction technique is one of determining
whether a pavement is a suitable candidate for recycling. The recycling
guidelines, outlined in Chapter 2, establish a formal evaluation and inves-
tigation procedure that can be used to identify possible recycling candi-
dates.
A pavement investigation program, composed of a field survey program, a
historical records investigation and a materials testing program, is used to
characterize the existing pavement. The field survey program outlines a
formal method for evaluating the existing structure and determining its
rehabilitation needs. The geometric adequacy, surface condition and struc-
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turaL adequacy of the existing pavement is investigated as part of the fieLd
survey program. The historical records investigation is conducted using
design, construction and maintenance records to determine what should exist
in the field. The materials testing program uses field samples to substan-
tiate or refute the findings of the historical records investigation, as
well as to characterize the material properties of the existing subgrade,
base and bituminous concrete. The existing pavement is fully characterized,
and its rehabilitation needs can be identified when the results of the field
survey program, the historical records investigation and the materials test-
ing program are combined. These programs also allow the probable cause of
pavement distress or failure to be determined. This determination is used
to identify feasible alternatives, both recycling and conventional, that can
be used to rehabilitate the pavement. The existing condition of the pave-
ment structure, the distress manifestations that are evident in the existing
structure and the distress mechanisms producing the problems are all used to
identify rehabilitation alternatives.
No quantitative values have been assigned to any of the decision cri-
teria contained within the Recycling Guidelines. It is anticipated that
each transportation agency implementing these guidelines will select ap-
propriate values that would be based upon past experience and Local condi-
tions. These then could be used to identify the proper rehabilitation
alternati ve(s) for the extent and severity of pavement distress encountered.
The recycling guidelines also comment on mix design procedures that can
be used for the major forms of asphalt pavement recycling. Some procedures
are outlined for designing recycled mixes that incorporate additional
binder, virgin or salvaged base aggregate and reclaiming agents.
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Finally, the recycling guidelines comment on the design of the recycled
pavement structure. Procedures are outlined so that the proper thickness of
the pavement structure, the recycled layer, as well as the conventional ma-
terial components, can be selected for anticipated traffic and climatic
conditions, as well as for the types of materials that will be used.
5.5 Construction Guidelines
A specific recycling system must be selected in order to implement the
rehabilitation alternative generated by the recycling guidelines. Construc-
tion guidelines, contained in Chapter 3, provide insight and guidance into
the process of selecting the component pieces of equipment that will make up
the recycling system. The performance of both the system and the system
components can be evaluated once the specific recycling system is identi-
fied. Anticipated rates of production, unit costs and unit rates of energy
consumption should be calculated. The specific recycling system should
be compared to an equivalent conventional system on the basis of life cy-
cle costs, total energy consumption and various environmental considera-
tions.
The construction guidelines also provide a means to analyze the pro-
posed recycling project prior to the start of actual construction. Recy-
cling process variability, project management decisions and potential prob-
lem areas are identified for the specific recycling system proposed for use.
Finally, guide specifications for the major forms of recycling are pro-
vided in the construction guidelines. The forms of recycling that are
covered by the specifications are: heater-planing, hot milling, heater-
scarification, cold milling, central plant recycling and in-place recycling.
The guide specifications are intended to supplement existing specifications
or to provide guidance as to how existing specifications should be modified
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or revised to account for recycling operations,
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CHAPTER SIX
RECOMMENDATIONS FOR FURTHER RESEARCH
This study has identified several areas in which knowledge about recy-
cling operations and recycled products is limited or lacking. Based upon
the findings of this study, the areas in which further research should be
conducted are:
1. An important influence on recycling costs, particularly cold milling
and in-place recycling costs, is the rate at which the existing pave-
ment is removed and/or crushed. A study needs to be conducted that re-
lates variations in pavement composition and material characteristics
to removal and crushing production.
2. Preliminary findings seem to indicate that chemicals can be effectively
used to assist in crushing and pulverization of salvaged asphalt pave-
ment materials during in-place recycling operations. The cost effec-
tiveness and benefits of such chemical applications should be deter-
mined.
3. A major cost associated with cold milling operations and in-place recy-
cling removal and crushing operations is the replacement of fast wear
items such as cold miller teeth, stabilizer blades and hammermill ham-
mers. The relationship between pavement characteristics and service
life of these fast wear items needs to be determined. A test should be
developed which will allow the service life of these items to be accu-
rately predicted.
A. The total cost and energy consumption associated with recycling opera-
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tions must be more accurately established. Only limited cost and ener-
gy consumption data is available, particularly for in-place recycling
operations.
5. Many different types and models of equipment are available for in-place
recycling operations. Typically, however, the equipment has not been
effectively used. A study should be conducted to relate the types of
equipment and the effective use of equipment to the type of pavement
materials being recycled. Particular emphasis should be placed on
methods that can be used to produce a uniformly recycled mixture, espe-
cially with regard to the mixing operation.
6. A majority of the asphalt plants in this country are batch plants which
can be readily modified to recycle salvaged asphalt pavement materials.
The production of recycled mixtures with small proportions of salvaged
materials in the recycled product, which can be easily produced in
batch plants, should be thoroughly investigated for use in small quan-
tity operations. Techniques should also be developed which will allow
batch plants to produce greater recycled blends than the 50/50 blends
that are now the limit. The use of hot exhaust gases to pre-heat the
salvaged material stockpile should be further investigated.
7. Strength coefficients should be established for all recycled materials.
These coefficients should be suitable for use in pavement design
methods, such as the AASHTO method.
8. The long term performance of recycled products must be determined.
This information is needed to formulate pavement design strategies us-
ing recycled materials, as well as for Life cycle costing of recycling
operations.
9. Asphalt binder rejuvenators and reclaiming agents need to be studied in
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greater detail. The immediate and Long term effect of these materials
on the recycled pavement materials needs to be documented. A quick
test should be developed which will allow the selection of the ap-
propriate rejuvenator for the pavement conditions encountered and the
recycling methods chosen.
10. Standardized mix design procedures need to be developed for recycled
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